LA-13520

Verification of the MCNP™
Perturbation Correction Feature

for Cross-Section Dependent Tallies

L os Alamos

NATIONAL LABORATORY

Los Alamos National Laboratory is operated by the University of California
for the United States Department of Energy under contract W-7405-ENG-36.




Edited by Patricia W. Mendius, Group CIC-1
Prepared by M. Ann Nagy, Group X-CI

An Affirmative Action/Equal Opportunity Employer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither The Regents of the University of California, the United States
Government nor any agency thereof, nor any of their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents that its
use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by The Regents
of the University of California, the United States Government, or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of

The Regents of the University of California, the United States Government, or any agency
thereof. Los Alamos National Laboratory strongly supports academic freedom and a
researcher’s right to publish; as an institution, however, the Laboratory does not endorse the
viewpoint of a publication or guarantee its technical correctness.



LA-13520

Uuc-2000
Issued: October 1998

Verification of the MCNP™
Perturbation Correction Feature
for Cross-Section Dependent Tallies

A. K. Hess

J. S. Hendpricks
G. W. McKinney
L. L. Carter*

*Carter Monte Carlo Analysis, 6636 Hogan Drive North, Keizer, OR 97303

. os Alamos

NATIONAL LABORATORY
Los Alamos, New Mexico 87545




TABLE OF CONTENTS

N S I 2 1 S 1
l. INTRODUGCTION ....ocuiitiitietieieeieieieeeeeeae e saeste e stessesseeseeseessesessessessessessessessesseessssseseenens 2
. THEORY .ttt bbbttt b bbbt b et e e b 3
A. Derivation Of the OPEIALOr .........cciiirieieeieriese sttt s e 3
I T £ O o (= OSSP 6
RS = o0 010 1@ o L= SRS 10
B. Implementation in MCNP...........ccoi e 14
[, USERINTERFACE........ccct ittt st st se e e e aesaessestesresnesnensens 15
N = I O o TSRS 15
1. General DESCITPLION .....coiviiietereiete ettt st 15
2. PERT Card KEYWOITS ......ccccveieiiiisiesiesiesie et 16
2 T Y o SO 18
1. Description of the FIM Card..........ccooeiiiininiieieeeeeeee s 18
2. REACHON NUMDEIS......coiiiiiiieese ettt s 19
C. Perturbation Correction Capability for Cross-Section Dependent Tallies................... 20
D. Perturbation and CorreCtion CaUtiONS...........ccoverrueriererieseesieeieseesesseeseessesssesseseens 21
IV. CAPABILITY VERIFICATION. .....ciitititiesteieeeeeseesiesese e sse e sseeesssesaessessessessessessessas 22
A. Validation of MT Versus FM Reaction NUMDEN'S .........ccoveeiiiiiininieceeeee e 22
B. Neutron and Photon Perturbation with Specified RXN........cccccovevevieveicevececee 23
C. LiStSOf RXN NUMDEIS .....coiiiieiieeiisiesieeie et sie ettt eneesneeneens 23
D. Nonsequentially Numbered Cells..........ooiiiiiieiieeeeee s 24
E. Positive and Negative RHO NUMDESS.........cooviiiiiice e 25
F. Bogus RXN, CELL, MAT, and METHOD NUMDES........cccceririenirineie e 26
1. Neutron Problem with Photon Reaction on RXN Parameter ...........c.ccocevvereenenne. 26
2. Unknown Reaction on RXN Parameter ..........ccccooeveiiinienesie e 26
3. Useof Nonexisting Cell on CELL Parameter ..........cocoveeeeieienenene e 27
4. Use of Nonexisting Material on MAT Parameter ...........ccooeeveveeieeceeneeieseeseenes 27
5. Useof Invalid Number on METHOD Parameter ..........ccccooveeveiienenieneeniesinnens 27
6. BOgus Parameter FINAINGS.........ccueoeereriereriesie e 27
G. Energy Ranges Viathe ERG Parameter.............ccocooeririniniinieeeeseesese e 28
H. Effect on Other Tally TYPES.....ccci et 29
V. FURTHER CROSS-SECTION-DEPENDENT TALLY VERIFICATION TESTS.......... 31
A. Godiva—Density Perturbation ............oooviiiieiiiiiiiieie e 31
B. Godiva—ComposSitioN CRANGE........couiiiiiiiieeiiee e 33
C. Test Problem INPL8—K ESHMALE ........cooiiiiiiiiiiiitii et 33
D. Test Problem INPO2—Neutron Absorption Rate Estimate .............cccovvvvvviciiiiiineeeennn. 35
E. Test Problem INPO4—Photon Collision Rate Estimate............ccccovveeeieeeiiieiiiiieiiiiiiiinens 37
F. Test Problem INP10—Photon Collision Rate EStimate..........cccccceeeeeiiiiiiiiiiiiiiiiiiieee, 39



VI.  PERTURBATION CONVERGENCE.........ccooiii s 41

A. Neutron Density Perturbation Problem.............coooiiiiiiieeeeeee 41

B. Neutron Material Perturbation Problem ... 42

C. Photon Density Perturbation Problem with Nonsequentially Numbered Cells........... 42

D. Neutron KCODE Density and Repeated Nuclide Perturbation Problem .................... 43

VII.  UPGRADE OF INSTALLATION TEST SUITE ....ccceoiieirienise e 44
A. Changesto Suite Problem INPLO .......ccooiiiiiieeeee e 45

B. Changesto Suite Problem INPLL.........ccoiiiiiriiiiee e 45

C. Changesto Suite Problem INPL8 .........coeeeieeiiee e 45

VL. SUMMARY Lottt st b bbbt s e e e e et bbb e e bt e ne et e e e e e 46
L e o A L s TSR 46
APPENDIX A Lottt et bbb a et b A bbb bRt ettt b b e nns 47
l. OVERVIEW ...ttt bbbttt bbb bttt ee 47
. TEST INPUT FILES ...ttt sttt et e e e aa e e s nnne e enneeens 47
A. Vdlidation of MT Versus FM Reaction NUMDESS ........ccocovireniniiiinene e, 47

L Input FIE MIEFMOL... .o s 47

2. 1INPUL FIE MEFMOZ.......ceiceeeeeeeee et nne e 48

3. INPUE FIIEeMEFMOS......oeeeeeee e e e 48

4. INPUL FITE MEFMOB........c.eeeieiieetee e 48

I o 0L T =Y 49

6. 1NPUL FIIE@ MEIMB2.....oo et nre e 49

7. INPUE FIIEMLEIM33..c e 49

8. INPUL FIIE MEIMBA ...t nre e 50

9. INPUL FIE MEIMBB5.... .ot nne e 50

10. INPUE FIHE MIEFMBL.....oeieeee e s 50

11, INPUt FIlE MEFMB2......ceecececee et ne e 51

12. INpuUt FIlE MEFMBS......c.eecece et ne e 51

B. Reaction List 0n RXN Parameter ........ccocoiririeiinine e 51

O 1 0T o0 | T = SRS 52

2. INPUE FITE LIS3L.. it 52

C. Nonsequentially Numbered CellS........cooviiiiiiiiiieeee e 53

L INPUE FITE MISDL. ..o 53

2. INPUL FIIE MISDLD......oiceeceee et ne e 54

G T o 0L T =S U 54

4. INPUE FITEMIS3LD.....oiiiiiieieeee e nre 55

D. Positive and Negative RHO NUMDESS ........ccooeiiciicesece e 56

E. Bogus RXN, CELL, MAT, and METHOD NUMDESS........cccoceiiereeiieeiere e seeseeeens 56

1. Neutron Problem with Photon Reaction on RXN Parameter ............ccocvvevernene. 56

2. Unknown Reaction on RXN Parameter ...........cccoveveeieeniniencesie e 57

3. Useof Nonexisting Cell on CELL Parameter ..........ccocevveveeceevieieseeseese e 57

4. Use of Nonexisting Material on MAT Parameter..........cccocveveveeeveecesceeseecie s 57

5. Useof Invalid Number on METHOD Parameter ..........ccccvveveeinneenenieeseenieenens 57

Vi



F. Energy Ranges Viathe ERG Parameter ............cccccviievieieiieeseeie e 57

O 1 0T o0 | T L= = PR 57

2. INPUEFITEEIQO2.... .ot 58

3. INPUEFITEENGO3 ... .ottt s e e e aeennenne s 58

G. Effect on Tally TYPES 6 @nd 7 ....cc.oouiiiiiiiieeeeeee s 59

O 1 0T o0 | T = I PR 59

2. INPUE FITE TAIBLD ... e ene s 60

3. INPUE FITE TAIB2 ... 60

O Voo 1U B T TS I G724 o T 60

B, INPUEFITE TAIBS ...ttt st e s ne e neeneenne s 61

6. INPUEFIIE TAIB3D ..o 61

7. INPUE FITE TAITL ..ottt e e aeennenne s 61

8. INPUL FIIE TAITLD ...t ene s 62

H. Perturbation CONVEIGENCE.........ccceiueeieeeeeieeie st steeae et ee et e e e ne e e nne e 62

O 1 0T o0 | T = o 04 62

2. INPUEFITE FMT7ID oo 63

3. INPUE FITE FMT2 ...ttt e enae e 63

O Voo TU B T 0 24 o TS 64

5. INPUEFITEFMT3 ..o 64

6. INPUL FITE FMT73D ...ttt nne s 64

7. INPUE FITE FMT7S ..ottt et s sneeeeenee e 65

8. INPUE FIIE FMT5D ... 65
APPENDIX B ...ttt st b ettt b bbb b b et ettt et eneas 67
l. GODIVA-DENSITY PERTURBATION .....cooiiiiiiierieniesie st 67
. GODIVA-COMPOSITION CHANGE .......ooi ittt 68
1. TEST PROBLEM INP18-Kg ESTIMATE ..ot 69
IV.  TEST PROBLEM INPO2-NEUTRON ABSORPTION RATE ESTIMATE .......ccccecveene 72
V. TEST PROBLEM INPO4-PHOTON COLLISION RATE ESTIMATE......ccoceiieees 74
VI. TEST PROBLEM INP10-PHOTON COLLISION RATE ESTIMATE. ... 76
APPENDIX €.ttt bbbttt et et bbbt b e b e ne et e et neas 79
l. L@ XY 4V 1 79
ANRAV/o 1o [TgTo JF="a e [ 10 \Y 0 T [ oo [ 79

B. Composition and Geometric Perturbations.............ccccoiiiriiieiiieieiese e 80
APPENDIX D ..ottt bbbttt bbbt b e b e n et et ne et neas 83
l. ERRORS ENCOUNTERED .....cooiieecie ettt s 83
. REPEATED NUCLIDE TEST SET ..ottt 84
AL INPUE FITE REPOL ...ttt 84

B. INPUL FIIE REPOZ ...ttt st e s ne et e e e sne e s 84

vii



C. INPUL FITE REPOSG ...ttt ettt e s e be e e e sreesreenneeneennens 85

D. INPUt FIIE REPOA ... s 85
E. INPUL FITE REPOD ...ttt e s ne et e e e nne e e e 86
e o = A1 D I3 G SR 89
l. NEW TEST SUITE PROBELM INPLO ......coiiiieicesieee e 89
[. NEW TEST SUITE PROBLEM INPLL .....c.cooiiiieiciseee e s 90
[1. NEW TEST SUITE PROBLEM INPLS ........oooe et 92

viii



TABLEI:
TABLE II:
TABLE III:
TABLE IV:
TABLE V:
TABLE VI:
TABLE VII:

LIST OF TABLES

Godiva Density Perturbation —KESHMALe........ccooeiiiiieeeiiiieeeeeeeeiie e 32
Godiva Composition Perturbation —gKEStIMate ...........cccovvviieiiiiiiiie, 33
Test Problem INP18 — ¢ EStIMate ........coooiiiiiiiiiiieeeeee e 34
Test Problem INP0O2 — Neutron Absorption Rate Estimate ................ccceevvveeee. 36
Test Problem INP0O4 — Photon Collision Rate Estimate............cccccvvvveviieieiiiinnnnn. 37
Lithium Bin Uncorrected PerturbationsS...........cccoviiiiiieeiiiiiieceeeiiis e 38
Test Problem INP10 — Photon Collision Rate Estimate...............ceevvvviiiiiieeennnnnnn, 39

Xi



Xii



Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

N O

LIST OF FIGURES

Godiva—Density Perturbation. Plotted results were calculated by MCNP4C................ 32
Godiva—Composition Perturbation. Plotted results were calculated by MCNP4C. ...... 34
Test Problem INP18gfEstimate. Plotted results were calculated by MCNPA4C. ....... 35
Test Problem INPO2—Neutron Absorption Rate Estimate. Plotted results were
calculated DY MCNPAC. ......oiiiie ettt e e 36
Test Problem INPO4—Photon Collision Rate Estimate. Plotted results were

calculated DY MCNPAC. ......oiiiie ettt e e 38
Test Problem INP10-Photon Collision Rate Estimate. Plotted results were

calculated DY MCNPAC. ......oiiiie ettt e e 40






VERIFICATION OF THE MCNP™ PERTURBATION CORRECTION
FEATURE FOR CROSS-SECTION DEPENDENT TALLIES

by

A. K. Hess, J. S. Hendricks, G. W. McKinney,and L. L. Carter

ABSTRACT

The Monte Carlo N-Particle Transport Code MCNP version 4B
perturbation capability has been extended to cross-section
dependent tallies and to the track-length estimate of K in
criticality problems. We present the complete theory of the MCNP
perturbation capability including the correction to MCNP4B which
enables cross-section dependent perturbation talies. We also
present the MCNP interface as an upgrade to the MCNP4B manual.
Finally, we present test results demonstrating the validity of the
perturbation capability in MCNP, particularly cross-section
dependent problems.

MCNP is atrademark of the Regents of the University of California, Los Alamos National Laboratory.



l. INTRODUCTION

The latest release of the Monte Carlo N-Particle Transport code (MCNP4B)?! included a new
perturbation feature not found in previous versions. This feature allows users, in asingle run, to
calculate the effects of perturbations to material composition or density. However, this useful
capability was not valid in perturbed regions where the tally was dependent upon the material
cross section since the differential operator technique was implemented.? Therefore, sometallies
(such as reaction rate estimators, and track-length estimates for Ke) could not always be used
with the perturbation feature and obtain accurate results.

The differential operator technique as developed by Gregg McKinney, was used to calculate
the effect of perturbations on atally.? This method was used since it allows the calculation of per-
turbations even if the standard deviation of the unperturbed tally is greater than the cal cul ated per-
turbation. The differential operator technique was implemented using a second-order Taylor
series expansion.

A derivation of the first- and second-order corrected perturbations was reported by Dens-
more, McKinney, and Hendricks.® This derivation allowed the user to determine a correction
term which was to be added to the perturbation calculated by MCNP4B. The correction term
accounts for the tally response estimator’'s dependence upon the perturbed cross-seétion data.
The correction term calculation has now been included as a capability of the perturbation feature
for release in MCNP version 4C. This version no longer requires the tedious correction term cal-
culation be performed by the user.

This report will detail the derivation of the corrected differential operator for the first two
Taylor series coefficients. The theory is presented as a background for the verification work.
Although it is documented in Refs. 2-5, this paper is the first documentation of the complete the-
ory as used in MCNP that can be referenced. Following the theory section is a discussion of the
PERT and FM cards. These cards are the user interface to the perturbation and correction capabil-
ities. Finally, a discussion is presented about the testing and verification of the perturbation capa-
bility, emphasizing the new correction term capability. Appendix A includes input test files
which were used for verification of the new capability. Appendix B contains the test files created
by Densmore in Ref. 3 and used in this study for verification of the cross-section dependent tally
capability. Appendix C includes example perturbation problems. Appendix D details the pertur-

bation feature errors which were identified in version 4B of MCNP while testing the new version



4C. Appendix E contains the updated MCNP installation test suite problems which reflect the
changes made to the perturbation capabilities.

. THEORY

This section details the derivation of the differential operator with the perturbation correc-
tion for cross-section dependent tallies for the nth order Taylor series coefficient. It relies heavily
upon the derivations given in LA-13098,%> LA-13374,2 X-6:GWM-94-124,* and X Cl:JSH-98-99
(U) -rev. 1.5

A. Derivation of the Operator

In the differential operator approach, a change in the Monte Carlo response c, due to
changes in arelated data set (represented by the parameter v ), is given by a Taylor series expan-

sion

2 n
pnc=Cav+ 28 n 2y s L s
dv 2! dv2 n' dyn

where the n' order coefficient is

_ 1 dc
Un = H %} . (1)
For the data set
Xp(h) = Ky(h) &Y, bOBhOH , 2

Kp(h) issome constant, B represents a set of macroscopic cross sections, and H represents a set

of energies or an energy interval. By differentiating the data set, it is easily found that
d _ v _
Gl = Ky(h) C&" = x,(h) . ®)

Using the chain rule and Eq. (2) and (3), Eq. (1) for u,, can be written as



Da

bDBhDH

= nl S S X b(h . (4)

bOBhOH

For atrack-based response estimator
c= th q (5

where t; is the response estimator and g is the probability of path segment | (path segment | is
comprised of segment j —1 plus the current track). Substituting Eq. (5) into Eq. (4), u,, becomes

Un nlz z sz(h)W( qJ)D}

bOBhOH

or

1
Uy = 5> Vit - (6)
j

where

x2(h i . 7

bgBth n( )%W( g0 (7)

When particle histories are sampled one track at atime, it is advantageous to have a pertur-
bation operator that also operates on a track basis combined with an estimator that estimates for
an entire particle history. In other words, Eq. (6) must be converted from a path segment estima-
tor to a particle history estimator. To accomplish this, the variable 9, J- is defined such that
o, =1 if particle history i contains path segment j and zero otherwise. The probability of sam-

pling particle history i from al particle histories containing path segment j is



PiPig

DT].D

where p; isthe probability of particle history i . One property of such aquantity isthat

ZE{)&JD'D =1 ®

for al path segments. Multiplying Eqg. (6) by EQ. (8) produces

_ [Pupum
Uy = nqunJ iY% Dz
01 O 9)
= = 5y s
izm!jz YN
= Vaibi
i
where V,,; isthe nt" order coefficient estimator for history i, given by
_1
Vni = ﬁzynjlt]' . (10)

Note the sum in Eg. (10) involves only those path segments |’ in particle history i. The Monte

Carlo expected value of u,, becomes

1
DJnD = sznl
i

(11)

for asample of N particle histories.

The probability of path segment | isthe product of track probabilities



q] = I_l rk ) (12)

where r, isthe probability of track k and segment j' contains m+ 1 tracks. If the K track starts
with a neutron undergoing reaction type “a” at enegjy and is scattered from@ngle to

angled, and energye continues for a length  and collides, then

_fa(E) . ar “x:(E)A
e B(—T(E,)Eba(E - E;0' - 0)dEd6(e 9% (E) , (13)
where x,(E') is the macroscopic reaction cross section at emlergy;(E') is the total cross

section at energf’ , and,(E' - E;6" —» 8)dEd®  is the probability distribution function in
phase space of the emerging neutron. If the track starts with a collision and ends in a boundary
crossing

=
= %H%(E' ~ E:0' - B)dEdB(e 1 (EN) (14)

If the track starts with a boundary crossing and ends with a collision,
re = (e ONx(E)
And finally, if the track starts and ends with boundary crossings
Xr(E)

e = €

1. First Order. For a first-order perturbation, the differential operator becomes

- U
e b%athXb(h)W(t R )D:f g 0
15
_ (Mg, (M3 O o)



Combining Egs. (15) and (12) gives

m
1 aq] 1ark
o 0%, (h) Z rkaxb(h) ’

then
m
ZBj’k+RlJ ;
k=0
where
XD L
and
bOBhOH bV

Let r, bedivided into collision, C, , and transport, Q, , components where

_ Xa(E) , .
C, B((E)HD‘,A(EHE,GHG),

and

—Xr(E)A

Q. =¢e X1(E) .
Then from Eq. (13), r, = Q,C,, and
Xpo(Mar _ xp(h) X, (h)0Cy X, (h)9Qy

e ox - 0% M kK = e a m T oy ax) ¢

(16)

(17)

(18)

(19)

(20)

(21)

(22)



Whereas

lack _ Xr(E)g o [Xa(E')}
C.oxy(h) B (E")Lox, (h)[ x{(E")

CoE) 1, %(E), (23)
= B(a(E')EB(T(E) he'“ba — Z(E) hED

_ 6hE'5ba_ One:
Xp(E")  X(E")

and

A C TN S
9x,(h)
(24)
_ (B
= e T(E)B( <5 ~NDBre -
Thus, by substitution of Eq. (21)
1 0Q _ O
Q9% () B< k%hE ' (25)
Then combining Egs. (18), (22), (23), and (25) gives
- OneXp(E') SheXp(E)
B =5 > %hE'éba_W_ahExb(E))\k'l' x(E) O (26)

bOBhOH

for a track segmerk that starts with a particle undergoing reaction type “a” at &ergy  and is
scattered to enerdy  and collides after a distapce . Notdthat 9, and are lurstysf

andb = a ; otherwise, they vanish. For other types of tracks (for which the various expressions
for r, were given in the previous section), i.e., collision to boundary, boundary to collision, and
boundary to boundary, derivativesgf  can be taken leading to one or more of these four terms

for B .



The second term of Yyj in EQ. (17) isEg. (19) whichis

_— %D 0
O t, %x h)g
bOBhOH ! o(N0

where the tally response is alinear function of some combination of reaction cross sections, or

=N Y %(E) (27)
ctcC

where ¢ isan element of the tally cross sections, ¢ [0 C, and may be an element of the perturbed

cross sections, ¢ [ B. Then substituting EQ. (27) into Eq. (19) gives

Ry =Y Y %) H o {)\ Zx(h)}%‘
1 = k c )
J bOBhOHA Z Xc(h)%xb(h) cOcC U
ccC

then, by performing the derivative and simplifying one finds

5 3 %)

le’ - cUBELH ] (28)
T %(E)

cbcC

The fraction of the reaction rate tally involved in the perturbation is R;;. . If none of the nuclides
participating in the tally is involved in the perturbation, then Ry = 0, which is always the case
for F1, F2, and F4 tallieswithout FM cards. Fltallieshave Ry = O sincethesearetalliesof the
current integrated over a surface and are independent of material cross sections. The sameistrue
for F2 tallies since they tally the flux averaged over asurface. F4 tallies without an FM card aso
use Ry = 0 since they tally the flux averaged over a cell, again a material independent value.

For F4 tallies with an FM card, if the FM card’s multiplicative constant is positive (no flag
to multiply by atom density), it is assumed that the FM tally cross sections are unaffected by the
perturbation and?lj, = 0 . For KCODEgktrack-length estimates, F6 and F7 heating tallies,



and F4 tallies with FM cards with negative multipliers (multiply by atom density to get macro-
scopic cross sections), if the tally cross section is affected by the perturbation, then Ry >0 .
For ke and F6 and F7 tallies in perturbed cells where all nuclides are perturbed, generally

Ry = 1.

Finally, the expected value of the first-order coefficient is

om 0
[, 0= NZ{ZEZ it le'%j']
e 0

J

2. Second Order. For asecond-order perturbation, the differential operator becomes

Vo = Y z th W( OIJ)D
b0 BhOH 2
2
BQ 0 0g oy 9t D
) al * + 0 0.
v T
b%BhDH 0. O axg(h)  0x(h) oxp(h) — Faxg(h)O

Since t;. isalinear function of x,,(h), then thelast term of Eq. (29) is

d t
=0 ,
axb(h)

The middle term of Eq. (29) is (from Eq. (16), (18), and (19))

10



2xg(h)ag, ot

> 2 6.0 0%(N) 3x,()

bOBhOH

I:Im
e Xp(h)or, p(Mot, O
22 2 o2 r, 0x,(N)&o t. aib(h)%

bOBhOHL =g )

(30)
m
= 2Ry By
k=0
L n B Ao, B
= 0> Bix*Ryg -y PBig —RE
M=o O B-o U
Thisform is useful later and comes from 2AB = (A + B)Z—AZ—B2 .
Thefirst term of Eq. (29) is (utilizing Eq. (16))
2 m
xg(a'q, _ x(h) o % 5 10n g
T ax2(hY g, ox (O 2 roax.(mO
g 0x2(h) o Ox(h)3 k:Ork Xp(N)g
gm f m
O X(h)or, 7 ) 9 Oior, O
02 T, axgma M Y G mH ax e
He=o O k=0
(31)
m m 2 m 2
_He xp(har, EZ_ p(mor, O x2(h)a'r,
=0 0 k=0 k=0
gm o m
= 0¥ Bt Y @B -
K=o O «=o0
where the ., termis
2(h)a2
X r
bOBhOH < P

11



Substituting Egs. (30) and (31) into Eq. (29) gives

m gom D2
= 3 (@~ BhH) —RE: +S(z B,k+R115 : (33)
k=0

The only additional work for calculating the 2" order coefficient is evaluati ng a;,.. To solvefor
Ojrg s let r, = QCy asinEgs. (13), (20), and (21). Then:

2
10r, 1 1 9 0Cy 0Qy
r oaxg(h) ~ Qkaaxb(h)[Qk d = QCd%,(N) % 3x p(h) * Ciax b(h)}
(34)
_ iBZCk 10 Qk 2 Q, 0OoC, O
Coxah) Q) QK%M
To evaluate the 1% term of Eq. (34), take the derivative of ;(a?é; using Eq. (23)
T
(E)_ o 1 Xa(E')
axg(h)[XT(E')J - axb(h)[x (E7) %™ x2(E' )B“EJ
1 7 a(E)
|3( (E )|:| 6hE 6ba 2(E )6hE ba ZQS(E )%hE (35)
_ Xa(E')E(—Z)(5hE'5ba) N 20, E
Xr(E) pxa(ENx:(E)  x3(E') [
From Eq. (35) and the definition of C, in Eq. (20), the 1% term becomes
2
10C (- (Onpdp) 20 (36)

Caxg(h) ~ Xo(ENX(E) ~ x2(E')

To evaluate the 2™ term of Eq. (34), take the derivative of Eq. (24)

12



2

10Q¢ _ 1 9 [—XT(E)AK

Quaxg(h)  Qyax,(h)
—Xr(E)A

= o (A (YN ~ A Bre (37)

T(E)B( "G AkEBhE}

- T(E) k%hE

_2)‘k6hE
= +A2d
XT(E) k~hE
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Substituting Egs. (36), (37), and (38) into Eq. (34), then Eq. (32) becomes
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The expected value of the second-order coefficient is
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where B, and a;. are given by one or more terms as described above for track k and Ry;. is

again the fraction of the perturbation with nuclides participating in the tally.
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B. Implementationin MCNP

Thetotal perturbation printed in the MCNP output fileis

1
(Acl= —NZZACJ-,

For each history i and path j',
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o= + =
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Let thefirst-order perturbation with R;;, = 0 be

i
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m
Z B
-0

o [ [

Py =Y
2

and |et the second-order perturbation with Ry;. = 0 be

0
2
%~ Bl
0

2

Looo

Py =y
g

0

Then the Taylor series expansion for Ry =0 is
_ 1 2 2
If Ry #0 then
1 2
Aci =GPy + Ry )AV+ 5(Py =R, + (Pyj + Ry ))AVH;

1 2
= [Plj.Av +5(Pyj + P)AV: + Ry AV + Plj,le,sz}tj,
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Thatis, the Ry, #0 caseisjustacorrectiontothe R;; = 0 case.
INMCNP, Py;. and Py are accumulated along every track length through a perturbed cell.
All perturbed tallies are multiplied by

1 2
Py BV +5(Pyy + PE)AVE

and then if Ry #0 thetally isfurther corrected by
Ry AV + (Pyj Ry ) AV

The fraction of the reaction rate tally involved in the perturbation is Ry;. . Ry = 0 for F1,
F2, F4 talies without FM cards, and F4 tallies with FM cards with positive multiplicative con-
stants. The new cross-section dependent tally term is automatically calculated in MCNPAC for F4
tallies using negative multiplicative constants on corresponding FM cards; it is also automatically
calculated for F6, F7, and kg problems. This calculation was omitted in MCNP4B making per-

turbed tallieswrong when Ry, >0 .

1. USER INTERFACE

The input card used to utilize the perturbation feature is the PERT card. The following sec-
tions give a description of the parameters, abilities, limitations, and new additions to the PERT
and FM interfaces. In the first few sections, we repeat much of what can be found in the
MCNP4B users manual* and in LA-13098.2

A. PERT Card
The PERT card is the MCNP user interface to the perturbation feature. The following sec-

tions describe its general usage and the options available when using this card.

1. General Description. The PERT card alows perturbations in cell material density,
composition or reaction cross-section data. The perturbation analysis uses the first and second-
order differential operator technique described in Section Il of this report. Using this technique,

the perturbation estimates are made without actually changing the input material specifications.
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Multiple perturbations can be applied in the same run, each specified by a separate PERT card.
There is no limit to the number of perturbations which can be used. The entire tally output is
repeated for each perturbation, giving the estimated differential change in the tally, or this change
can be added to the unperturbed tally (see METHOD keyword below). The number of tallies and
perturbations should be kept to a minimum due to increased running time and output associated
with the perturbation feature. A track-length estimate of perturbations to ke is automatically
estimated and printed for KCODE problems. The CELL keyword that identifies one or more per-
turbed problem cellsisrequired. Also, either the MAT or RHO keyword must be specified.

Form: PERTn:pl keyword=parameter(s) keyword=parameter(s) ...

n = Unique, arbitrary perturbation number.
pl = NorPor N,P. Not available for electrons.
keyword = Seethefollowing section.

2. PERT Card Keywords. Six keywords are available for the PERT card. The CELL
keyword and either the MAT or RHO keywords are required. The keywords are described as fol-

lows:

CELL - The one or more entries following this keyword indicate which cells
are perturbed. At least one entry is required, and there is no limit to the
number of entries. A comma or space delimiter is required between en-
tries:

CELL=1,234
CELL=110i 12

MAT - The entry following this keyword specifies the perturbation material
number, which must have a corresponding M card. Composition
changes can only be made through the use of the MAT keyword. If the
RHO keyword is omitted, the MAT keyword is required. Note in
Section I11.D that certain composition changes are prohibited.

RHO - Specifies the perturbed density of the cell(s) listed after the CELL key-
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METHOD -

ERG -

RXN -

word. A positive entry indicates units of atoms/barn-cm and a negative
entry grams/cm®. If the MAT keyword is omitted, the RHO keyword is
required.

This keyword specifies the number of terms to include in the perturba-
tion estimate:

1 - include first and second order (default)

2 - include only first order

3 - include only second order

A positive entry produces perturbation tallies which give the estimated
differential change in the unperturbed tally (default). A negative entry
generates perturbation tallies such that this change is added to the un-
perturbed tally. The ability to produce first- and second-order terms
separately enables the user to determine the significance of including
the second-order estimator for subsequent runs. If the second-order re-
sults are a significant fraction (20%) of the total perturbation, then
higher order terms are necessary to predict accurately the change in the
unperturbed tally. In such cases, the magnitude of the perturbation
should be reduced to satisfy this condition. Typically, this techniqueis
accurate to within a few percent for up to 30% changes in the unper-
turbed tally.

The two entries following this keyword specify an energy range in
which the perturbation is applied. The default range includes all ener-
gies. The ERG keyword is usually used with the RXN keyword to per-
turb a specific cross section over a particular energy range.

Entries following this keyword must be ENDF/B reaction types that
identify one or more cross sections to perturb. The RXN keyword al-
lows the user to perturb a single reaction cross section of a single nu-
clide in a material, all reaction types of a single nuclide, a single
reaction for all nuclidesin amaterial, and a set of cross sections for all
nuclides in a material. The default reaction is the total cross section

(RXN=1 for neutrons and multigroup, RXN=-5 for photons.) A list of

17



B. FM Card

available reaction typesis given in Appendix G of Ref. 1.  Some non-
standard special reaction numbers (see Section 111.B.2) may also be
used. Those which cannot be used include -4, -5, -7, and -8 for neu-

trons; -6 for photons; and -3, -4, -6, and -7 for multigroup problems.

The FM card isthe MCNP user interface called the tally multiplier. It allowsthe user to cre-

ate bins of tally responses to multiplicative and/or additive functions. The following sections

describe the normal usage of the card and available reactions.

1. Description of theFM Card. TheFM card is used to calculate a quantity of the form

C[(E)Ry(E)E

where ¢ (E) isthe energy-dependent fluence (particles/ cm?) and R(E) isan operator of additive

and/or multiplicative response functions from the MCNP cross-section libraries or specially des-

ignated quantities. Note that some MCNP cross-section library reaction numbers are different
from ENDF/B reaction numbers. See Section 111.B.2.

Form: FMn (bin set 1) (binset?2) ... T

18

n = taly number
(binseti) = ((multiplier set 1) (multiplier set 2) ... (attenuator set))
T = absent for no total over bins

= present for total over all bins

attenuator set = C -1mpxg M, pX% ...

multiplier set i = C m (reaction list 1) (reaction list 2) ...

special multiplier seti= C -k

@]
I

multiplicative constant

1
[
I

flag indicating attenuator rather than multiplier set



m = material number identified on Mm card
pX = dengity times thickness of attenuating material;
atom density if positive, mass density if negative

k = gpecial multiplier option:

(reaction listi)= sumsand products of ENDF or special reaction numbers

The constant C may be any arbitrary scalar quantity that can be used for normalization. It
also may be flagged negative (asis usually the case) to use macroscopic cross sections which may
be dependent upon perturbed cross sections. The material number m must appear on an Mm card,
but need not be used in a geometrical cell of the problem. A reaction list consists of one or more
reaction numbers delimited by spaces and/or colons. A space between reaction numbers means
multiply the reactions. A colon means add the reactions. The hierarchy of operation isto multi-
ply first and then add. One bin is created for each reaction list. Thus, if R, Ry, and Rz are three
reaction numbers, theform R; R, : R3 represents one reaction list (one bin) calling for reaction R3
added to the product of reactions R; and R,. No parentheses are allowed within the reaction list if
asinglebinisdesired. The product of R; with the sum of R, and Rz would be represented by the
form Ry R, : Ry Rz rather than by theform R, ( R, : R3). Thelatter form would produce two bins
with quite a different meaning.

The reaction cross sections are microscopic (with units of barns) and not macroscopic.
Thus, if the constant C is the atomic density (in atoms per barn-cm), the results will include the
normalization “per ci” More often, C is flagged negative to convert to macroscopic cross sec-

tions and properly calculate perturbation cross-section dependency. See Section IlI.C.

2. Reaction Numbers. The reaction list on the FM card allows the use of most of the
approximately one hundred standard ENDF reaction numbers available. There are, in addition,
some nonstandard special reaction numbers that can be used. These are listed as follows:

Neutrons:- 1 total cross section without thermal

-2 absorption cross section
-3 elastic cross section without thermal

-4 average heating number (MeV / collision)
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-5 Gamma-ray production cross section (barns)
-6 total fission cross section
-7fissionv
-8 fission Q (MeV / fission)

Photons. -1 incoherent scattering cross section
-2 coherent scattering cross section
-3 photoel ectric cross section
-4 pair production cross section
-5 total cross section
-6 photon heating number

Multigroup:-1 total cross section
-2 fission cross section
-3 nubar data
-4 fission chi data
-5 absorption cross section
-6 stopping powers
-7 momentum transfers

A summary list of commonly used ENDF reactions can be found in Appendix G of the MCNP

manual .1

C. Perturbation Correction Capability for Cross-Section Dependent Tallies

The FM card may make atally linearly dependent upon a cross section. If that cross section
is perturbed in the same cell, then the perturbed tally may be dependent on the perturbed cross
section. The dependency results in an extraterm, Ry (see Sections 11.A.1 and 2) in the pertur-
bation coefficients of thetally. R;;, wasnot calculated in MCNPA4B, which limited the usefulness
of the PERT card in that version. In MCNPAC, Ry is computed automatically for PERT prob-
lems using F6 and F7 heating tallies, for ke track-length estimators, and for F4 track-length tal-
lies with FM cards using a negative multiplicative constant (C<0). If C>0 then the FM card
cross sections are microscopic and unconditionally assumed independent of any cross-section

perturbation. However, if C<0, then the FM card cross section is multiplied by [Cl|p,, where

" Thisreaction type may not be used to specify a RXN reaction on the PERT card.
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p, istheatom density. The FM card cross sections are now macroscopic, = = p,0, dependency

upon perturbed cross sections is now assumed possible, and Ryj is calculated.

D. Perturbation and Correction Cautions

Although it is always a high priority to minimize the limitations of any MCNP feature, the
perturbation technique itself, in addition to the numerous other MCNP features, resulted in the
following limitations:

1. A fata error isgenerated if a PERT card attempts to unvoid aregion. The simple
solution isto include the material in the unperturbed problem and void the region
of interest with the PERT card (see Appendix C Section |.A for more details).

2. Afata error isgenerated if a PERT card attemptsto alter amaterial composition
in such away as to introduce a new nuclide. The solution is to set up the unper-
turbed problem with a mixture of both materials and introduce PERT cards to re-
move each (see Appendix C Section |.B for more details).

3. The track-length estimate of k¢ in KCODE criticality calculations assumes the
fundamental eigenvector (fission distribution) isunchanged in the perturbed con-
figuration.

4.  Use caution in selecting the multiplicative constant and reaction number on FM
cards used with F4 tallies in perturbation problems. The track-length correction
term (Ry; in Section 11.A.1) is made only if the multiplicative constant on the
FM card is negative (a so indicating macroscopic cross sections due to multipli-
cation by the atom density of the cell). If the multiplicative constant on the FM
card is positive, it is assumed that any FM card cross sections are independent of
the perturbed cross sections. If thereis areaction (RXN) specified on the PERT
card, the track-length correction term, Ryjr s isonly set if the exact same reaction
Is specified on the FM card. Synonymous reaction numbers are not equivalent in
this case. For example, an entry of RXN=2 on the PERT card of a neutron prob-
lem is not equivalent to the specia elastic reaction -3 on the FM card even
though they both denote the elastic scattering cross section (one should either use
2and 2 or -3 and -3).
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5.  DXTRAN, point detector tallies, and pulse height tallies are not currently com-
patible with the PERT card.

6. While there is no limit to the number of perturbations, they should be kept to a
minimum, as each perturbation can degrade performance by 10-20%.

7. A fatal error is generated if the RXN parameter is specified on a mixed particle
PERT card (i.e,, PERT:n,p). Thisis due to the different MT and FM reaction
numbers between particle types and the requirement of having the exact same re-

action numbers on the FM and PERT cards (see caution 4).

V. CAPABILITY VERIFICATION

Extending the perturbation capability to cases where perturbed tallies depend upon per-
turbed cross sections required additional MCNP testing. The following sections describe those
features and parameters of the PERT card which were tested and any verification efforts required

to ensure correctness of the capability.

A. Validation of MT Versus FM Reaction Numbers

A set of test problems was generated to verify that perturbations using the same reaction

gave the same results regardless of whether MT or FM reaction numbers were specified. For
instance, the MT and FM reaction numbers for the photon total microscopic cross section are 501
and -5 respectively (see Ref. 1 Appendix G). Either of these two reaction numbers can be speci-
fied on the PERT card. By using RXN=501, the results should match those obtained by RXN=-5.
Also, thistest set verifiesthat the default (no RXN parameter used or left blank on the PERT card)
yields the expected perturbation. As stated in Section I11.A.2 under the RXN keyword explana-
tion, the default reaction is the total cross section: RXN=1 for neutrons and multigroup, and
RXN=-5 for photons.

The “mtfm##” test set was created to check all synonymous MT and FM reactions. The
files of this test set can be found in Appendix A, Section II.A. These tests resulted in identical tal-
lies (as expected) whether using the MT or FM reaction number for the RXN parameter. Several
of the problems used for testing MT versus FM reaction numbers were KCODE problems. The
effect of the perturbation on the estimated track-leng{wkas found to exactly match between

perturbations using MT and equivalent FM reaction numbers.
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A fatal error is generated if an invalid nonstandard special reaction number is used. These
reactions should not be perturbed by the user; when they are, the following error message results:
“fatal error. reaction # invalid in perturbation #.” As stated in Section Ill.A.2, the invalid reac-
tions for the RXN keyword are: -4, -5, -7, and -8 for neutrons; -6 for photons; and -3, -4, -6, and -
7 for multigroup problems.

During the testing of MCNP4C, some errors were identified in MCNP4B. These errors

have been corrected in version 4C and are documented in Appendix D.

B. Neutron and Photon Perturbation with Specified RXN

For the case of a mixed particle PERT card (i.e., PERT:n,p), no RXN specification on the
PERT card is allowed. This is due to the different MT and FM reaction numbers between parti-
cles and the requirement of having identical reaction specifications on the PERT and FM cards.
For instance, neutrons have a total cross-section MT number of 1, whereas for photons, the same
specification number is 501. Therefore, a fatal error occurs when such a specification is encoun-

tered. The error reads: “fatal error. rxn option and n,p option incompatible, perturbation #”.

C. Listsof RXN Numbers

The “lis##” set tested lists of numbers used for the RXN parameter. These lists are matched
exactly as on the FM card. (Mismatching MT and FM reaction numbers will not accurately per-
form the perturbation or correction, e.g., for neutrons a -3 on the FM card will not work with a 2
for RXN on the PERT card even though they both denote the elastic cross section.) Comparisons
were made between a type 4 tally with an FM card using the FM number and another type 4 tally
with an FM card using the equivalent sum of reactions as listed in Appendix G of Ref. 1. For

example, “lisO1”contains the following tally, FM, and PERT cards.

fan 1
fl4n 1
fmd -1 1 -6

fml4 -1 1 19:20:21:38
pertl:n cell=1 rho=0.047 method=-1 rxn=-6
pert2:n cell=1 rho=0.047 method=-1 rxn=19 20 21 38
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If the reaction list ability on the RXN parameter is operating correctly, one would expect
these tallies to give identical results. Such a problem also validates self-consistency since the
total fission cross section consists of the sum of reactions 19, 20, 21, and 38. A photon problem
was generated using this same principle of checking the RXN list option. Both input filesdid pro-
duce matching tallies and are shown in Appendix A Section I1.B.

D. Nonsequentially Numbered Cells

By not using sequentially numbered cells, MCNP must create its own reference cell num-
bering. Thistest was used to check that the perturbation feature till perturbed the correct
cell. First, an input file was created which contained illogically numbered cells. Then an
identical file was generated except the cells and all references to those cells were renum-
bered sequentially. A pair of input files for tests on neutrons and photons are included in
Appendix A, Section I1.C. If the perturbation feature works correctly with the nonsequen-
tially numbered cells, the output results from both files should match as was the case.
The following is a highlight of the cell, surface, tally, and perturbation definitions.
mis0l: 1 1 00479813 -1

15 1 0.0479813 1 -215 -216 217
4 1 0.0479813 -23 (215:216:-217)
37 0 23

1 s 2

215 cx

16 px 5

217 px -4

23 so 8

fan 1

fl4:n 15

f24:n 4

fm4 -11-6 -7

fml4 -1 1 -6 -7

24



fm24 -1 1 -6 -7
pertl:n cell=1 mat=2 method=1 rxn= -6
pertd:n cell=4 mat=2 method=-1 rxn= -6
misOl1b: 1 1 00479813 -1
2 1 0.0479813 -2 (3:4:-5)
3 1 0.0479813 1 -3-4 5
4 0 2

1s0 2
2s0 8
3cx 3
4 px 5
5 px -4

fan 1

f14:n 3

f24:n 2

fm4 -11 -6 -7

fml4 -1 1 -6 -7

fm24 -1 1 -6 -7

pertl:n cell=1 mat=2 method=1 rxn=-6
pertd:n cell=2 mat=2 method=-1 rxn=-6

E. Positive and Negative RHO Numbers

This set was used to be certain that both positive and negative values for the PERT card
RHO parameter were correct. Recall that a positive RHO indicates the units of atoms/cm?®

whereas a negative one denotes g/cm®

. The problem rho01 uses two PERT cards, one with a den-
sity changein atoms/cm?® (and denoted positively on the RHO parameter), and the second with the
corresponding material density in g/cm3. The two perturbations generated the expected results of
agreeing tallies. The entire file can be found in Appendix A Section 11.D. The following lines
show the important definitions in the file rhoO1.

rhoO1: fan 1
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fmd -11 1
pertl:n cell=1 rho=-18.7399 method=-1 rxn=1
pert2:n cell=1 rho=0.0479813 method=-1 rxn=1
This problem utilized the KCODE card. Both perturbed estimates (positive and equivalent

negative rho values) of the track-length kg gave identical answers.

F.  BogusRXN, CELL, MAT, and METHOD Numbers

The bogus set was created to test the response of MCNPAC to bad numbers for the various
parameters. Since the results are expected to be incorrect, these tests were not compared to any
previous or subsequent runsfor correctness. Alternatively, it was important to know how the new
version of MCNP would respond so that the user could know what to expect if an erroneous
option specifier isused. The following sections detail the options tested and the results obtained.

Each of the described input filesis given in itsentirety in Appendix A Section I1.E.

1. Neutron Problem with Photon Reaction on RXN Parameter. For a neutron

K CODE problem, the default neutron reaction was specified on the corresponding FM card; how-
ever, the default photon reaction number was given on the RXN parameter of the PERT card.
MCNPAC generated perturbed tally output which matched the unperturbed tally response. In
short, no perturbation was applied, and the only warning given during execution was that of reac-
tion 501 not being present in the specified library. The following lines detail the important fea-
tures of thisinput file.
bog01. f4n 1

fmd -11 1

pert2:n cell=1 rho=-18.74 mat=2 method=-1 rxn=501

2. Unknown Reaction on RXN Parameter. This neutron problem used a completely
imagined reaction of 952 for the RXN parameter. Results are asin the above problem, no pertur-
bation is applied, and the run-time warning is given stating that reaction 952 is not present in the
specified library. The following lines detail the important features of thisinput file.
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bog02: f4n 1
fm4d -11 1
pert2:n cell=1 rho=-18.74 mat=2 method=-1 rxn=952

3. Useof Nonexisting Cell on CELL Parameter. Recall from Section I11.A.2 that this

parameter is required. If a cell number for a nonexistent cell is used on this parameter, a fatal
error results stating: “fatal error. pert cell entry # is not a valid cell” where # is the nonexistent
cell number specified on the CELL parameter. The following lines detail the cell and perturbation
cards which are specified in this input file.
bog03: 1 1 0.0479813 -1

2 0 1

pert2:n cell=3 rho=-18.74 mat=2 method=-1 rxn=1

4. Useof Nonexisting Material on MAT Parameter. If a material number for a
nonexistent material is used with the MAT parameter on the PERT card, a fatal error results
stating: “fatal error. material # invalid for perturbation n” where # is the nonexistent material
number specified on the MAT parameter, and n is the perturbation number on which it resides.
The following lines detail the material and perturbation cards which are specified in this input file.
bog04: m1l 92235.50c -94.73 92238.50c -5.27

m2 92235.50c -87 92238.50c -13
pert2:n cell=1 rho=-18.74 mat=4 method=-1 rxn=1

5. Useof Invalid Number on METHOD Parameter. Recall from Section I1l.A.2 that
the values oft1 2 , and3 are the only valid numbers that can be used for the METHOD
parameter. This problem used METHOD=5 and resulted in a fatal error which reads, “fatal error.
illegal method value.” The following line shows the PERT card used for this input problem.
bog05: pert2:n cell=1 rho=-18.74 mat=2 method=5 rxn=1

6. BogusParameter Findings. From the two files of Sections IV.F.1 and 2, it can be
seen that MCNP4C will warn the user of an unknown reaction type but will continue to report a
number (the unperturbed tally results) for the perturbed tally. The user should take caution in
believing perturbed tally results if the run-time warning is given. When nonexistent cells or mate-

rials are used, or if an invalid method number is used, a fatal error will result.
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These tests were based upon a KCODE problem. Those problems which did not yield a
fatal error (and thus stop all further calculations) reported perturbed tallies and track-length ks
estimates. As stated before, the tallies reported the unperturbed response. However, the track-
length k¢ estimates for the perturbation were not identical to the unperturbed ones. The esti-

mates were within their statistical uncertainty, though.

G. Energy RangesViathe ERG Parameter

In order to test the ERG parameter, it was first necessary to determine an energy range in

which no reaction change is expected. For this, the (n,2n) and (n,3n) reactions in material
92235.50c were used. They each have athreshold energy, (n,2n) at approximately 5.2 MeV and
(n,3n) at approximately 11 MeV. Perturbing a tally on the sum of these two reactions should
exhibit no difference from the unperturbed tally on just the (n,2n) reaction if the perturbation is
below 11 MeV. Likewise, the sum of several reactions including the (n,2n) and (n,3n) reactions
should show no change if perturbed below 5.2 MeV. In tests “erg01” and “erg02”, one perturba-
tion with the reaction(s) in question is compared to another perturbation without the reaction(s).
The full input files are shown in Appendix A, Section II.F, but highlights of the source, tally, FM,
and perturbation definitions are shown here. The perturbed tally results match exactly for a given
problem.
erg01: sdef erg=d1 pos=00 0

sil L7

spl 1

nonu

fdn 1

fm4 -1 1 16:17

fl4:n 1

fml4 -1 1 16

pertl:n cell=1 rho=0.04 method=1 rxn=16 17 erg=5.5,9

pert2:n cell=1 rho=0.04 method=1 rxn=16  erg=5.5,9

erg02: sdef erg=d1 pos=00 0
sil L5
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spl 1

nonu

fdn 1

fm4 -11 -6:-3:16:17

fl4:n 1

fml4 -1 1 -6:-3

pertl:n cell=1 rho=0.04 method=-1 rxn=-6-3 16 17 erg=5.5,9
pert2:n cell=1 rho=0.04 method=-1 rxn=-6 -3 erg=5.5,9

In erg03, a KCODE problem was used to determine if the ERG option still perturbed the
tally when the neutrons were allowed to range the energy spectrum. The two tallies, f4 and 14,
do not match because some of the neutrons fall in the range of the (n,3n) reaction (above 11.5
MeV). However, the perturbed tallies and the effect of the perturbations on the track-length esti-
mates did match, exactly. This match is expected because in the range of the 5.5 to 9 MeV there
isno (n,3n) reaction to perturb.
erg03: kcode 1000 1.0 10 40

ksrc 000

fan 1

fm4 -1 1 16:17
fl4n 1

fml4 -11 16

pertl:n cell=1 rho=0.04 method=1 rxn=16 17 erg=5.5,9
pert2:n cell=1 rho=0.04 method=1 rxn=16 erg=5.5,9

H. Effect on Other Tally Types

With a change in the perturbation calculations within MCNPAC, some simple tests were
done to be certain that no undesirable effects occur when these changes are used in conjunction
with other tally types. For tally types 1, 2, and 4 with no FM card, the results should track those
from MCNP version 4B. This was found to be the case when MCNPAC was run on the version
4B test suite. No unexpected differences were found in the mctal or output files which confirms

that the other tally types are not affected by the changes in the new version.
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More definitive tests were performed on type 6 and 7 tallies since the new perturbation cor-
rection term applies. First, a problem was set up using only a type 6 or 7 tally ("tal6#" or “tal7#").
Then the problem was copied, and the 6 or 7 tally was substituted by an equivalent type 4 tally
and FM card (“tal6#b” or “tal7#b”). Also, a very small density perturbation was added to perturb
from a density slightly different from the tally 6 (or 7) run to the same density as the tally 6 (or 7)
run. Both problems were then run to convergence to ensure that the perturbation correction is
applied to the f6 (or f7) tally automatically. It was found that the perturbation correction is
applied, and the perturbed result of “tal##b” does converge to the unperturbed result in “tal##”.
The KCODE problems (tal61, tal62, and tal71) were also found to yield estimates for track-length
Kess Which converged to the expected results of the paired file.

Test files were generated for neutron, photon, neutron & photon, and multigroup type 6 tally
tests. For a type 7 tally, only a neutron problem was generated because the type 7 tally is only
valid for neutrons. All of these type 6, type 7, and equivalent perturbed f4 tally problems are
included in Appendix A Section II.G. The important features of one pair of test files are shown
below.
tal61.: 1 1 0.0479813 -1

2 0 1

kcode 1000 1.0 10 300
ksrc 000
forn 1

tal61b: 1 1 0.0485 -1
2 0 1

kcode 1000 1.0 10 800

ksrc 000
f4n 1
fmd -1 1-1-4

pertl:n cell=1 rho=0.0479813 method=-1 rxn=-1
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V. FURTHER CROSS-SECTION-DEPENDENT TALLY VERIFICATION TESTS

Thetheory for cross-section-dependent tallies was originally presented in Ref. 3. By the use
of six test problems, that study verified the method of correcting perturbed tallies for cross-section
changes made by perturbations. These problems were used to compare actual MCNP results for
an unperturbed problem to the results from a perturbed problem with the method applied. In this
section, these test problems are run using MCNPAC with the correction applied via a negative
multiplicative constant on the FM card. These results are then compared to those obtained earlier
in Ref. 3. All reported errors in this section are given as standard deviations as was done in
Ref. 3. The reported actual results were calculated by MCNPAC, but all match (within statistics)
the actual results obtained by Densmore et al.
Each example contains five files, one containing four perturbations (approximately a 5%,
10%, 20%, and 30% change in the unperturbed tally). The other four files calculate the “actual”
results which are found by establishing a problem that uses one perturbation’s characteristics for

the problem. All files for each example of this test set can be found in Appendix B.

A. Godiva—Density Perturbation

The KCODE problem “godival” perturbs the density of the Godiva critical assembly, an

unreflected sphere of highly enriched uranium. The density was increased from 18.374oglcm
26 g/cn?, and a track-length estimate afiskwas calculated by the use of an F4 tally with an
appropriate tally multiplier card. The unperturbed value fgnvkas 0.9980680.000798. Table |
gives the predicted and actual results from MCNPA4C for this problem and the predicted results
from Ref. 3. The MCNPA4C results are also graphed in Fig. 1.

As can be seen in Table I, the predicted values match the actual values, within statistics,
up to about 5%. After this point the second-order perturbation underestirgateshiks bias is
due to the inability of the differential operator, as implemented in MCNP, to calculate perturbed
eigenfunctions. Essentially, the calculation of the perturbed eigenvalue is based on the
eigenfunction at 18.74 g/cin

Table | also provides an easy comparison between results obtained by MCNP4C and those
found by calculating the perturbation cross-section dependency by the method described in
Ref. 3. With much less user effort, the corrected tallies were found to match (within statistics)

those which were calculated by Densmore et al.
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TABLE I: Godiva Density Perturbation — k  Estimate
- MCNPAC MCNPAC Ref.3 Ref. 3 Percent Standard
Density Percent Standard Percent Standard ch Deviai
(g/cm) Change anaar Change anaar angle ewat;lon
(Predicted) Deviation (Predicted) Deviation (Actual) (Actual)
20 5.282 0.015 5.283 0.016 5.499 0.116
21 9.302 0.028 9.304 0.088 9.467 0.111
235 18.683 0.063 18.696 0.059 19.389 0.117
26 27.110 0.103 27.142 0.093 28.256 0.122
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Fig. 1. Godiva—Density Perturbation.
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B. Godiva—Composition Change

In the KCODE problem “goncl”, the composition of the Godiva critical assembly was
perturbed from its original 94.73%8°U and 5.279638U to 50% by weight of each isotope. As in
“godival”, a track-length estimate was used to calculgie dnd the unperturbedykis again
0.9980630.000798. Table Il gives the results for this problem, and Fig. 2 contains a graph of the
MCNPA4C results. The second-order perturbation accurately predicts, within statistics, the actual
kg estimator up to about 5%, after which a second-order perturbation underestimates. The

MCNPA4C results were in better agreement with those calculated by Densmore et al. in Ref. 3.

C. Test Problem INP18—Ky Estimate

The KCODE problem “inp181” is based upon problem INP18 from the MCNP4B test
suite. The geometry is a hexagonal lattice core of a light water reactor. Changes were made to the
input file to perturb the density of the fuel from 13.75 gi¢tm26 g/cmi. Again, a track-estimate
of kg was calculated using an F4 card and an appropriate tally multiplier. The unperturbed value
for kg was found to be 1.05046.00116. The MCNP4C results are presented in Table Il and in
Fig. 3. The MCNP4C cross-section-dependent perturbed tallies were found to match those of
Densmore et al. for the 5% tally perturbation. However, above 5%, MCNP4C was found to better

estimate the actual response than Ref. 3.

TABLE II: Godiva Composition Perturbation — k 4 Estimate

U-238 | MCNPAC |y \pge | ReEF3 Ref.3 | Percent | Standard
Weight Percent Percent s
: Standard Standard Change Deviation
Fraction Change Deviation Change Deviation (Actual) (Actual)
(%) (Predicted) (Predicted)
13 -4.233 0.084 -4.307 0.082 -4.251 0.111
26 -12.292 0.357 -12.89 0.33 -11.749 0.107
38 -20.778 0.796 -22.31 0.74 -19.346 0.104
50 -30.269 1.423 -33.2 1.3 -28.273 0.101
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TABLE IlI: Test Problem INP18 — k  Estimate

- MCNPAC MCNPAC Ref.3 Ref. 3 Percent Standard
Density Percent Percent e
3 Standard Standard Change | Deviation
(gem?) | Change | istion | CMAN%e | pevigion | (Actual) | (Actual)
(Predicted) (Predicted)
15.5 5.417 0.044 4.970 0.047 5212 0.152
17 9.128 0.078 8.735 0.084 9.307 0.155
215 18.690 0.203 17.30 0.23 19.622 0.164
26 24.680 0.386 21.78 0.50 27.868 0.162
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Fig. 3. Test Problem INP18-k Estimate. Plotted results were calculated by
MCNPA4C.

Again, the second-order perturbation is useful up to about 5%. Notice in this problem that
the discrepancy between the actual and predicted values increases at a greater rate as density is
increased rather than in the Godiva examples. This difference is due to the fact that
eigenfunctions are more easily perturbed by density and composition changes in reflected thermal

systems than in bare fast system.

D. Test Problem INPO2—Neutron Absorption Rate Estimate

The fixed-source problem “inp021” is based upon problem INPO2 from the MCNP4B test
suite. The geometry is a large set of spheres with an inner region of boron surrounded by an
aluminum shell. Within this aluminum shell is another set of spheres filled with aluminum. A
neutron source is distributed in the boron sphere and has a uniform energy spectrum of 0.1 to 10
MeV. A density perturbation is performed upon the innermost aluminum sphere from 227 g/cm
to 3.6 g/cnd. Using an F4 tally and an appropriate tally multiplier card, the neutron absorption
rate is calculated. The unperturbed tally was found to be (6.5828@5)E-8. The results from

this problem are given in Table IV and in Fig. 4.
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TABLE IV: Test Problem INPO2 — Neutron Absorption Rate Estimate

Density MpirNcgrA;tC MCNP4C Plzreéeit Ref. 3 Percent Standard
form Change Standard Chanae Standard Change | Deviation
(g/em) Pr edic? od) Deviation Pr edic? ed) Deviation (Actual) (Actual)
2.85 5.620 0.142 5.61 0.14 5.629 2.460
3 11.247 0.286 11.25 0.28 11.139 2.534
3.3 22.521 0.578 22.52 0.56 22.044 2.682
3.6 33.823 0.875 33.82 0.83 33.410 2.895
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Fig. 4. Test Problem INPO2—Neutron Absorption Rate Estimate. Plotted

results were calculated by MCNP4C.

As can be seen, the second-order perturbation predicts, within statistics, the actual MCNP
tally up to at least a 30% increase in the unperturbed tally. Although the large error in the actual

36




tally indicates that more histories should have been run, the corrected perturbation still predicts
the tally well. MCNPAC results also match those calculated by Densmore et al. within statistics.

E. Test Problem INPO4—Photon Collision Rate Estimate

This fixed-source problem “inp041” is based upon problem INP04 from the MCNP4B
test suite. In this geometry there is a large inner sphere composed ofitdtan outer shell of
ULi3. This sphere contains two smaller spheres o URi 3 MeV photon point source is placed
in the center of the large sphere, and the photon collision rate is calculated in the outer shell via an
F4 tally with an appropriate tally multiplier card. A composition perturbation was established
from 75% Lithium, 25% Uranium to 92.5% Lithium, 7.5% Uranium where the percents are given
in atom percent. The unperturbed tally for this problem was found to be (61980Q&829)E-4.

The results from this problem are given in Table V and in Fig. 5.

TABLE V: Test Problem INP0O4 — Photon Collision Rate Estimate

Li Atom MCNPAC MCNPAC Ref.3 Ref. 3 Percent Standard
. Percent Percent -~

Fraction Change Standard Change Standard Change Deviation
o o o

(%) (Predicted) Deviation (Predicted) Deviation (Actual) (Actual)
775 -0.734 0.016 -0.726 0.022 -1.975 0.126
82.5 -2.993 0.056 -2.921 0.083 -7.852 0.123
87.5 -6.306 0.112 -6.11 0.17 -18.348 0.117
925 -10.672 0.183 -10.28 0.34 -37.598 0.115

In Table V, a quick comparison between MCNP4C values and those of Densmore et al.
shows that these tally results match within statistics. However, as can be seen in Fig. 5, the
corrected perturbation does not predict the actual values very well. As explained in Ref. 3, the
reason is that the second-order perturbation is on the order of fifteen percent the total perturbation
for the 5% tally perturbation. The total and first-order perturbations are shown in Table VI. In the
5% tally perturbation case, the limitations of only using the first two Taylor series expansions in
the differential operator technique start to show. This approximation can only be made more

accurate if more terms are used in the expansion.
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Fig. 5. Test Problem INPO4—Photon Collision Rate Estimate. Plotted results
were calculated by MCNP4C.

TABLE VI: Lithium Bin Uncorrected Perturbations

First-Order Total
Corrected Corrected
Perturbation Perturbation

Li Atom
Fraction (%)

77.5 -4.2119E-6 -5.1049E-6
92.5 -2.9483E-5 -7.3238E-5

The situation is worse for the 30% increase in the unperturbed tally (92.5% Li). For this
perturbation the second-order term is almost equal to that of the first-order term. This problem
demonstrates that the perturbation feature cannot accurately predict every tally, and a second-

order Taylor series approximation will fail if the tally exhibits higher than second-order behavior.
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F. Test Problem INP10-Photon Collision Rate Estimate

This fixed-source problem “inp101” is based upon problem INP10 from the MCNP4B
test suit. The geometry of this problem consists of two concentric infinite cylinders. The inner
cylinder is filled with water, and the outer shell is filled with copper. Near the origin the inner
cylindrical region is separated into several disks filled with water or carbon and one that is void.

The void disk contains a cube of CuO, and an adjacent disk of water contains a void torus
surrounded by a shell of copper. A Watt fission spectrum neutron source is distributed evenly in

the CuO cube, and the photon collision rate is tallied in one of the carbon disks via an F4 tally

with an appropriate multiplier card. A density perturbation was established from 2.25tg/cm

3.6 g/cn? in the carbon disk. The unperturbed tally was found to be (6.68928324)E-6. The

results from this problem are given in Table VII and in Fig. 6.

TABLE VII: Test Problem INP10 — Photon Collision Rate Estimate

Density Mpce:rNCer]'tC MCNP4AC Plzre(zé?] i Ref. 3 Percent Standard
3 Standard Standard Change Deviation
(gem) | Change | o iation | CM% | peviaion | (Actua) | (Actual)
(Predicted) (Predicted)
24 4.799 0.146 4.80 0.14 4.492 0.499
2.6 11.007 0.502 11.01 0.48 10.673 0.515
3 22.768 1.946 22.8 1.9 20.827 0.545
3.6 38.770 6.011 38.8 5.9 32.822 0.573
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Fig. 6. Test Problem INP10—Photon Collision Rate Estimate. Plotted results
were calculated by MCNP4C.

Again, the MCNPAC predicted perturbations matched those of Densmore et al. within
statistics. Also, the second-order corrected perturbation predicts the actual MCNP values well up
to a 30% increase in the unperturbed tally. Although the perturbation begins to diverge from the
actual value after about a 10% increase in the unperturbed tally, the predicted values agree with
the actual values, within statistics, up to 30%. The high standard deviations could be reduced by
using more particle histories in the estimate.
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VI. PERTURBATION CONVERGENCE

Further tests were run to verify that a perturbation converges to the expected value. Several
pairs of problems were created to be used for these tests and were named the “fm7#” test set. The
perturbation was substituted for what it was perturbing in the “fm7#b” test set. In this way, for
long runs on “fm7#” problems, an agreeing tally (and agreeing estimatg whlere appropriate)
was expected in the corresponding “fm7#b” problem. The following sections detail the conver-
gence test tally results and references gp fefer to the final estimated combined collision/

absorption/track-lengthgg. The input files are included in Appendix A, Section H.

A. Neutron Density Perturbation Problem

In problem fm73, a density perturbation in cell 1 was established in a KCODE problem
using the following cards:

Cell card: 1 1 0.0479813 -1

Perturbation card: PERT1:n CELL=1 RHO=0.054 METHOD=1

Perturbation card: PERT2:n CELL=1 RHO=0.054 METHOD=3.
Then problem fm73b was created with the density on the cell card changed to 0.054, and both
PERT cards deleted. Results from both runs were as follows:

Tally from fm73b: 1.08219E0 Rel. Err.  0.0001

Tally from fm73: 9.98070E-1 Rel. Err.  0.0001

PERT1 tally from fm73: 8.06083E-2 Rel Err.  0.0004

PERT2 tally from fm73:  -2.78845E-3 Rel. Err.  0.0017

Kess from fm73: 0.99804 Rel. Err.  0.00012
Kess from fm73b: 1.07822 Rel. Err.  0.00013
PERT1 to kg from fm73: 0.08062 Rel. Err.  0.00004
PERT2 to lg from fm73: -0.00278 Rel. Err.  0.00000

Since the second-order Taylor series term is less than 20% the total perturbation, then one
can assume that this perturbation can be well approximated using only the first two expansion
terms. Thus, the actual percent change of the tally was 8.4%, and the predicted with the PERT

card was 8.6%. The actual percent changegpfkas 8.03%, and the predicted change was
8.08%.
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B. Neutron Material Perturbation Problem

In the KCODE problem fm71, amaterial perturbationin cell 1 was established using the fol-
lowing cards:

Material card:m1 92235 -94.73 92238 -5.27

Material card:m2 92235 -87 92238 -13

Tally Multiplier Card:-1 1 -6 -7:-2

Perturbation card: PERT1:n CELL=1 MAT=2 METHOD=-1 RXN=-6-2

Perturbation card: PERT2:n CELL=1 MAT=2 METHOD=3 RXN=-6-2
Then problem fm71b was created by deleting the material 1 card, renaming material 2 as material
1, and deleting the PERT cards. Results from both runs were as follows:

Tally from fm71b: 1.000194E0 Rel. Err.  0.0001

Tally from fm71. 1.041530E0 Rel. Err.  0.0001

PERT1 tally from fm71: 9.99553E-1 Rel Err.  0.0001

PERT2 tally from fm71.: -1.58480E-3 Rel Err.  0.0003

Kess from fm71b: 0.95404 Rel. Err.  0.00012
Kess from fm71: 0.99731 Rel. Err.  0.00012
PERT1 to kg from fm71:  0.95396 Rel. Err.  0.00012
PERT2 to kg from fm71:  -0.00150 Rel. Err.  0.00000

Since the second-order Taylor series term is less than 20% the total perturbation, then one
can assume that this perturbation can be well approximated using only the first two expansion
terms. The actual percent change of the tally was 3.97%, and the predicted percent change
was 4.03%. The actual percent change of kg was 4.34%, and the predicted change was 4.35%.

C. Photon Density Perturbation Problem with Nonsequentially Numbered Cells

In photon problem fm72, a density perturbation in cells 1 and 4 was established using the

following cards:
Cell card:1 1 0.0479813 -1
Cell card:4 1 0.0479813 -23 (215:216:-217)

Taly card:if4p 1
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Tally card:f24:;p 4
Tally Multiplier Card:fm4 -1 1 -4:-3
Tally Multiplier Card:fm24 -1 1 2:-4:-3

Perturbation card: PERT1:p CELL=1 METHOD=-1 RHO=0.0485 RXN=-4-3
Perturbation card: PERT2:p CELL=1 METHOD=-2 RHO=0.0485 RXN=-4-3
Perturbation card: PERT3:p CELL=4 METHOD=-1 RHO=0.0485 RXN=-4-3-2

Then problem fm72b was created with the density on the material cards replaced with 0.0485, and
the PERT cards deleted. Results from both runs were as follows:

Tally 4 from fm72b: 2.22759E1 Rel. Err.  0.0024
Tally 4 from fm72: 2.21429E1 Rel. Err.  0.0024
PERT1ontaly 4 fromfm72: 2.22871E1 Rel Err.  0.0024
PERT2 ontally 4 fromfm72: 2.22833E1 Rel Err.  0.0024
Tally 24 from fm72b: 4.53982E0 Rel. Err.  0.0075
Tally 24 from fm72: 4.43319E0 Rel. Err.  0.0074
PERT3 on tally 24 from fm72: 4.56925E0 Rel Err.  0.0074

Again, the second-order Taylor series term is less than 20% the total perturbation. The
actual percent change of tally 4 was 0.60%, and the predicted percent change was 0.65%. The
actual percent change of tally 24 was 2.3%, and the predicted percent change was 3.0% which is
within the 0.74% relative error.

D. Neutron KCODE Density and Repeated Nuclide Perturbation Problem

In problem fm75, material and density perturbationsin cell 1 were established using the fol-
lowing cards:

Cell card:1 0.0479813 -1

Material card:m1 92235.50c 0.5 92238.50c 0.5

Material card:m2 92235.50c 0.1 92235.50c 0.4 92238.50c 0.5

Tally Card:f4:n 1

Tally Multiplier Card:fm4 -1 1 1

Perturbation card: PERT1:n CELL=1 MAT=1 RHO=0.05 METHOD=1

Perturbation card: PERT2:n CELL=1 MAT=1 RHO=0.05 METHOD=2



Perturbation card: PERT3:n CELL=1 MAT=2 RHO=0.05 METHOD=1

Perturbation card: PERT4:n CELL=1 MAT=2 RHO=0.05 METHOD=2
Then problem fm75b was created with the material 1 card information replaced by material 2
information, the density on the cell 1 card switched to 0.05, and the PERT cards deleted. Since
both material compositions are the same, it is expected that the perturbed tallies should match
(pertl and pert2 on tally4). Resultsfrom both runswere as follows:

Tally from fm75b: 3.31448E0 Rel. Err.  0.0001

Tally from fm75: 3.17270E0 Rel. Err.  0.0001

PERT1 tally from fm75: 1.37281E-1 Rel Err.  0.0005

PERT2 tally from fm75: 1.37374E-1 Rel Err.  0.0004

PERT3 tally from fm75: 1.37281E-1 Rel Err.  0.0005

PERTA4 tally from fm75: 1.37374E-1 Rel Err.  0.0004

Kess from fm75: 0.72238 Rel. Err.  0.00009
Kess from fm75b: 0.75037 Rel. Err.  0.0001

PERT1 to kg from fm75:  0.02790 Rel. Err.  0.00001
PERT2 to kg from fm75:  0.02810 Rel. Err.  0.00001
PERT3 to ke from fm75:  0.02790 Rel. Err.  0.00001
PERT4 to kg from fm75:  0.02810 Rel. Err.  0.00001

The second-order Taylor seriesterm is less than 20% the total perturbation. The actual per-
cent change of the tally was 4.3%, and the predicted percent change was 4.1%. The actual percent
change of kg Was 3.87%, and the predicted change was 3.86%.

VII. UPGRADE OF INSTALLATION TEST SUITE

Due to addition of the cross-section dependent perturbed tally feature to MCNPAC, the ver-
sion 4B installation test suite required upgrading. This new feature is now tested during MCNP
compilation. Several features of the previously described test problems were combined with the
4B installation test suite files. The new test suite problems extend the installation tests across the
new cross-section dependent tally perturbation capability. These problems include tests on all
previously found perturbation errors including: RXN=-1 for neutrons, RXN=-5 for photons,

repeated nuclides, and RXN specifications on a combined particle PERT card.



Three suite problems have been atered and are included in Appendix E. These additions
slowed the test problems: inp10 by 4%, inp1l by 1%, and inp18 by 5%. The following sections

give abrief description of the changes and reasons for them.

A. Changesto Suite Problem Inp10

Additions and changes made to test problem inpl10 include:
adding amaterial 5 so that a material perturbation could be tested,;
adding FM cards for the two tallies so that the negative multiplicative constant could
be used to turn on the cross-section dependent tally capability;
adding two SD cards to divide the tallies by the cell volumes;
and adding five material and/or density perturbations used to test differing RXN and

FM reaction numbers for neutrons or photons.

B. Changesto Suite Problem Inpl1l

Additions and changes made to test problem inpl1l include:

adding a fourth neutron tally (named 34) on cell 2;

adding one SD card for the new tally;

adding one FM card for the new tally which matches the FM card for tally 14 except
uses negative multiplicative constants,

adding two new perturbations; one for testing the fatal error expected with a mixed
particle perturbation and the RXN specified (the runprob used during installation
uses the fatal option on the command line for this problem); the second for neutron

perturbation which tests a list of reactions.

C. Changesto Suite Problem Inp18

Additions and changes made to test problem inpl8 include:
repeating the tally, comment, and segment divisor from tally 4 but renaming them 14;
repeating the FM card for tally4 but renaming it to 14 and changing the multiplicative

constants to negative values to turn on the perturbation correction feature.
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VIiII. SUMMARY

Implementation of the cross-section dependent tally feature into MCNPAC has been com-
pleted. This capability will appropriately add aterm to the calculated perturbation for type 6 and
type 7 tallies and type 4 tallies with FM cards using a negative multiplicative constant.

Verification of capability correctness has been completed using various input files created
specifically to test relative parameters and options. The results presented in this report verify the
applicability and correctness of many perturbation features including the new cross-section
dependent tally feature. These tests included comparisons of converged perturbed results to con-
verged results of an identical problem using the perturbed parameters. The installation test suite
problems have been updated to test the new capability during MCNPAC installation.
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APPENDIX A

MCNP VERIFICATION TEST FILES

l. OVERVIEW

Included here are the test files used to verify the perturbation feature with the cross-section
dependent tally capability. Most files were based upon a Godiva density- or composition-pertur-
bation problem found on pages 29 and 30 of LA-13374.2 Since the purpose of these tests was to
ensure option correctness, a standard perturbation was used and the option parameters were var-
ied. Dueto redundanciesininput files, several problems are presented as alterationsto previously

shown files.

. TEST INPUT FILES

The sections presented here include the input files which were used to check for MCNP4C
cross-section dependent tally feature correctness. The subsections are titled after the sectionsin
the main document for which the input files correspond. The expected results of each file are dis-

cussed here unless noted otherwise.

A. Validation of MT Versus FM Reaction Numbers

These files were created to test the MT versus FM reaction numbers on the RXN parameter
of the PERT card.

1. Input FileMtfmO1. This input file compares expected values using the default
(pertl), MT (pert2), FM (pert3), total reaction numbers and a blank RXN card (pert4) in aneutron
problem. All perturbations should match.

Godiva problem in LA-13374 on pg 30 used to compare MT to FM reactions
1 1 00479813 -1

20 1
1 so 8741

kcode 1000 1.0 10 40
ksrc 000

imp:n10

ml 92235.50c -94.73 92238.50c -5.27
m2 92235.50c -87 92238.50c -13
fan 1

a7



fl4:n1l

fmd -11 1

fml4 -1 1 -1

sd4 1

sd14 1

pertl:n cell=1 rho=-18.74 mat=2 method=-1
pert2:n cell=1 rho=-18.74 mat=2 method=-1 rxn=1
pert3:n cell=1 rho=-18.74 mat=2 method=-1 rxn=-1
pertd:n cell=1 rho=-18.74 mat=2 method=-1 rxn=
prdmp 2j -1

2. Input File Mtfm02. Thisinput file compares expected values using the MT (pert3),
FM (pert2) neutron absorption reaction numbers and the equivalent sum of reactions 102 through
107 (pertl). All perturbations on corresponding FM cards should match (pertl on tally4, pert2 on
tally 14, and pert 3 on tally 24).

Replace tally section in mtfmO1 (lines 12 through 17) with:
fdn 1

fl4an1l

f24:n1

fm4 -1 1 102:103:104:105:106:107

fml4 -1 1 -2

fml4 -1 1 101

sd4 1

sd14 1

sd24 1

Replace mtfmO1 perturbation lines (18 through 21) with:

pertl:n cell=1 rho=-18.74 mat=2 method=-1 rxn=102 103 104 105 106 107
pert2:n cell=1 rho=-18.74 mat=2 method=-1 rxn=-2

pert3:n cell=1 rho=-18.74 mat=2 method=-1 rxn=101

3. Input File Mtfm03. This input file compares expected values using the MT (pertl)
and FM (pert2) neutron elastic scattering reaction numbers on the RXN parameter. All perturba-

tions on corresponding FM cards should match (pert1 on tally4 and pert2 on tally 14).

Replace tally FM card section in mtfm01 (lines 14 through 15) with:
fmd -11 2
fm14 -1 1 -3

Replace mtfmO1 perturbation lines (18 through 21) with:
pertl:n cell=1 rho=-18.74 mat=2 method=-1 rxn=2
pert2:n cell=1 rho=-18.74 mat=2 method=-1 rxn=-3

4. Input FileMtfm06. This input file compares expected values using the MT (pertl)
and FM (pert2) neutron total fission reaction numbers on the RXN parameter. All perturbations

on corresponding FM cards should match (pertl on tally4 and pert2 on tally 14).
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Replace tally FM card section in mtfm01 (lines 14 through 15) with:
fm4 -1 1 19:20:21:38
fml4 -1 1 -6

Replace mtfmO1 perturbation lines (18 through 21) with:
pertl:n cell=1 rho=-18.74 mat=2 method=-1 rxn=19 20 21 38
pert2:n cell=1 rho=-18.74 mat=2 method=-1 rxn=-6

5. Input FileMtfm31. This input file compares expected values using the MT (pertl)
and FM (pert2) photon incoherent scattering reaction numbers on the RXN parameter. All pertur-

bations on corresponding FM cards should match (pertl on tally4 and pert2 on tally 14).

Godiva problem in LA-13374 on pg 30 used to compare MT to FM reactions
1 1 0.0479813 -1
20 1

1 so 8741

mode p

nps 10000

sdef pos000

imp:pl0

ml 92235 -94.73 92238 -5.27

fap 1

fldp1l

fmd -1 1 504

fmi4 -1 1 -1

sd4 1

sd14 1

pertl:p cell=1 rho=0.045 method=-1 rxn=504
pert2:p cell=1 rho=0.045 method=-1 rxn=-1
prdmp 2j -1

6. Input FileMtfm32. This input file compares expected values using the MT (pertl)
and FM (pert2) photon coherent scattering reaction numbers on the RXN parameter. All perturba-
tions on corresponding FM cards should match (pertl on tally4 and pert2 on tally 14).

Replacetaly FM card section in mtfm31 (lines 14 through 15) with:
fmd -1 1 502
fml4 -1 1 -2

Replace mtfm31 perturbation lines (18 through 19) with:

pertl:p cell=1 rho=0.045 method=-1 rxn=502
pert2:p cell=1 rho=0.045 method=-1 rxn=-2

7. Input FileMtfm33. This input file compares expected values using the MT (pertl)
and FM (pert2) photon photoelectric reaction numbers on the RXN parameter. All perturbations

on corresponding FM cards should match (pertl on tally4 and pert2 on tally 14).
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Replace tally FM card section in mtfm31 (lines 14 through 15) with:
fm4 -1 1 522
fm14 -1 1 -3

Replace mtfm31 perturbation lines (18 through 19) with:
pertl:p cell=1 rho=0.045 method=-1 rxn=522
pert2:p cell=1 rho=0.045 method=-1 rxn=-3

8. Input FileMtfm34. This input file compares expected values using the MT (pertl)
and FM (pert2) photon pair production reaction numbers on the RXN parameter. All perturba-

tions on corresponding FM cards should match (pert1 on tally4 and pert2 on tally 14).

Replacetaly FM card section in mtfm31 (lines 14 through 15) with:
fm4 -1 1 516
fml4 -1 1 -4

Replace mtfm31 perturbation lines (18 through 19) with:
pertl:p cell=1 rho=0.045 method=-1 rxn=516
pert2:p cell=1 rho=0.045 method=-1 rxn=-4

9. Input FileMtfm35. This input file compares expected values using the default
(pertl), MT (pert2), FM (pert3), total reaction numbers, and a blank RXN card (pert4) in a photon

problem. All perturbations should match.

Replacetaly FM card section in mtfm31 (lines 14 through 15) with:
fm4d -1 1 501
fml4 -1 1 -5

Replace mtfm31 perturbation lines (18 through 19) with:
pertl:p cell=1 rho=0.045 method=-1

pert2:p cell=1 rho=0.045 method=-1 rxn=501

pert3:p cell=1 rho=0.045 method=-1 rxn=-5

pertd:p cell=1 rho=0.045 method=-1 rxn=

10. Input FileMtfm81. This input file compares expected values using the default
(pertl), MT (pert2), FM (pert3), total reaction numbers, and a blank RXN card (pert4) in a multi-
group neutron problem. All perturbations should match down to the last decimal place where
they are different. Thisisdue to the total edit cross section (MT=1) not being equal to the trans-
port cross section (MT=-1). The cross-section data only match up to the first five digits of the

value. This creates a discrepancy in the final calculated data.

Godiva problem in LA-13374 on pg 30 checking FM and M T perturbation reactions
1 1 00479813 -1

20 1

1 so 8741

kcode 1000 1.0 10 40
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ksrc 000

imp:n10

ml 92235 -94.73 92238 -5.27

m2 92235-87 92238-13

mode n

mgopt f 30

fdn 1

fl4n 1

fmd -111

fml4 -11 -1

sd4 1

sd1i4 1

pertl:n cell=1 rho=-18.74 mat=2 method=-1
pert2:n cell=1 rho=-18.74 mat=2 method=-1 rxn=1
pert3:n cell=1 rho=-18.74 mat=2 method=-1 rxn=-1
pertd:n cell=1 rho=-18.74 mat=2 method=-1rxn=
prdmp 2j -1

11. Input FileMtfm82. This input file compares expected values using the MT (pertl)
and FM (pert2) multigroup neutron fission reaction numbers on the RXN parameter. All pertur-

bations on corresponding FM cards should match (pertl on tally4 and pert2 on tally 14).

Replace tally FM card section in mtfm81 (lines 16 through 17) with:
fm4 -11 18
fmi4 -11 -2

Replace mtfm81 perturbation lines (20 through 23) with:
pertl:n cell=1 rho=-18.74 mat=2 method=-1 rxn=18
pert2:n cell=1 rho=-18.74 mat=2 method=-1 rxn=-2

12. Input FileMtfm83. This input file compares expected values using the MT (pertl)
and FM (pert2) multigroup neutron absorption reaction numbers on the RXN parameter. All per-

turbations on corresponding FM cards should match (pertl on tally4 and pert2 on tally 14).

Replacetaly FM card section in mtfm81 (lines 16 through 17) with:
fmd -11 101
fml4 -11 -5

Replace mtfm81 perturbation lines (20 through 23) with:
pertl:n cell=1 rho=-18.74 mat=2 method=-1 rxn=101
pert2:n cell=1 rho=-18.74 mat=2 method=-1rxn=-5
B. Reaction List on RXN Parameter

The following sections detail the input files and their expected results. These files were cre-
ated to test the perturbation RXN parameter when using a list of reactions rather than a single
reaction.
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1. Input FileLisOl. This neutron problem is based on a density perturbation. The reac-
tion list includesMT numbers which correspond to the total fission cross section. The two unper-
turbed tallies are expected to match each other as should the two perturbed tallies.

problem used to check rxn list
1 1 0.0479813 -1
20 1

1 so 8741

sdef erg=d1 pos=000

sl 114

spl 01

nps 1000

imp:n10

ml 92238 1

fdn 1

fmd -11 -6

sd4 1

fl4:n 1

fml4 -1 1 19:20:21:38

sd14 1

pertl:n cell=1 rho=0.047 method=-1 rxn=-6
pert2:n cell=1 rho=0.047 method=-1 rxn=19 20 21 38
prdmp 2j -1

2. Input FileLis31. This photon problem is based on a density perturbation. The reac-
tion list includes MT numbers which correspond to the total cross section. The two unperturbed
tallies are expected to match each other as should the two perturbed tallies (pertl on tally 4 and
pert2 on tally14).

Problem used to check reaction lists
1 1 0.0479813 -1
20 1

1 so 8741

mode p

nps 1000

sdef pos000

imp:pl0

ml 92235 -94.73 92238 -5.27

fap 1

fl4p 1

fm4 -11 -1:-2.-3:-4

fmi4 -1 1 -5

sd4 1

sd14 1

pertl:p cell=1 rho=0.048 method=-1 rxn=-1-2-3-4
pert2:p cell=1 rho=0.048 method=-1 rxn=-5
prdmp 2j -1
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C. Nonsequentially Numbered Cells

This section describes the input files used to ensure that nonsequentially numbered cells did
not deter the perturbation feature from operating correct. For each test, apair of files was created.
Thefirst file contains the perturbations and nonsequentially numbered cells. The second file con-

tains al perturbations but uses sequentially numbered cells.

1. Input FileMis01. This neutron input file was generated to be certain that the changes
to the perturbation feature could deal with MCNP’s internal referencing which must be done
when cells are not numbered in order. Three tallies are established: one on the inner sphere, one
on the box cell excluding the sphere, and another on the area outside the box cell but inside the

outer sphere. Unperturbed and perturbed tally results should match those of misOlb.

Altered Godiva problem in LA-13374 on pg 30 used to check for perturbations on
¢ non-sequentially numbered cell cards

1 1 0.0479813 -1

15 1 0.0479813 1 -215-216 217

4 1 0.0479813 -23 (215:216:-217)

37 0 23

1 so 2

215 cx 3
216 px 5
217 px -4
23 so 8

kcode 1000 1.0 20 500

ksrc 000

impn1110

ml 92235 -94.73 92238 -5.27

m2 92235-87 92238-13

fdn 1

f14:n 15

f24:n 4

fm4 -11-6-7

fml4 -1 1 -6 -7

fm24 -1 1 -6 -7

sd4 1

sd14 1

sd24 1

pertl:n cell=1 mat=2 method=1 rxn=-6
pert2:n cell=1 mat=2 method=2 rxn= -6
pert3:n cell=1 mat=2 method=3 rxn= -6
pert4d:n cell=4 mat=2 method=-1 rxn=-6
prdmp 2j -1

dben
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2. Input FileMisO1b. Thisinput file was generated starting with misO1 but renumbering
the cells and surfaces to be sequentially numbered. Unperturbed and perturbed tally results
should match those of misO1.

Replace the cell and surface definitions of misOl1 (lines 1-10) with:
1 1 0.0479813 -1

2 1 0.0479813 -2 (3:4:-5)

3 1 00479813 1 -3-4 5

4 0 2

QB84
w o N

X

arwWN R
rele]

X

A O

Replace the tally definitions of misO1 (lines 17-19) with:
fdn 1
fl4:n 3
f24:n 2

Replace the perturbation definitions of misO1 (lines 26-29) with:
pertl:n cell=1 mat=2 method=1 rxn=-6
pert2:n cell=1 mat=2 method=2 rxn= -6
pert3:n cell=1 mat=2 method=3 rxn= -6
pertd:n cell=2 mat=2 method=-1 rxn=-6

3. Input FileMis31. This photon input file was also generated to be certain that the
changes to the perturbation feature could deal with MCNP'’s internal referencing which must be
done when cells are not numbered in order. This problem is essentially the same as misO1 except
this one uses a source definition to generate photons. Three tallies are established: one on the
inner sphere, one on the box cell excluding the sphere, and another on the area outside the box cell
but inside the outer sphere. Unperturbed and perturbed tally results should match those of
mis31b.

Photon problem used to check for non-sequentially numbered cell cards and the perturbation feature
1 1 0.0479813 -1

15 1 0.0479813 1 -215-216 217

4 1 0.0479813 -23 (215:216:-217)

370 23

1 so 2

215 ¢cx 3
216 px 5
217 px -4
23 s0 8

nps 10000



mode p

sdef pos000

imp:pl1110

ml 92235-94.73 92238 -5.27

fap 1

fl4:p 15

f24:p 4

fmd -11-5

fml4 -1 1 -5

fm24 -1 1 -5

sd4 1

sd14 1

sd24 1

pertl:p cell=1 method=1 rxn= -5 rho=0.048
pert2:p cell=1 method=2 rxn= -5 rho=0.048
pert3:p cell=1 method=3 rxn= -5 rho=0.048
pertd:p cell=4 method=-1 rxn= -5 rho=0.048
prdmp 2j -1

dben

4. Input FileMis31b. Thisinput file was generated starting with mis31 but renumbering
the cells and surfaces to be sequentially numbered. Unperturbed and perturbed tally results
should match those of mis31.

Photon problem used to check for non-sequentially numbered cell cards and perturbation feature
1 1 0.0479813 -1

2 1 0.0479813 -2 (3:4:-5)

3 1 00479813 1 -3-4 5

4 0 2

QB84
W m N

X

arWN R
rele]

X

A O

nps 10000

mode p

sdef pos000

imppl110

ml 92235 -94.73 92238 -5.27

fap 1

fl4:p 3

f24:p 2

fmd -11-5

fmi4 -1 1 -5

fm24 -1 1 -5

sd4 1

sdl4 1

si24 1

pertl:p cell=1 method=1 rxn= -5 rho=0.048
pert2:p cell=1 method=2 rxn= -5 rho=0.048
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pert3:p cell=1 method=3 rxn=-5rho=0.048
pertd:p cell=2 method=-1 rxn= -5 rho=0.048
prdmp 2j -1

dben

D. Positive and Negative RHO Numbers

The following file tests the use of equivalent positive and negative density specifiers. The
two tallies are expected to give identical results.

Godiva problem in LA-13374 on pg 30 used to check response to RHO numbers
1 1 004 -1
20 1

1 so 8741

kcode 1000 1.0 10 40

ksrc 000

imp:n10

m1l 92235.50c -94.73 92238.50c -5.27

fdn 1

fmd -11 1

sd4 1

pertl:n cell=1 rho=-18.7399 method=-1 rxn=1
pert2:n cell=1 rho=0.0479813 method=-1 rxn=1
prdmp 2j -1

E. BogusRXN, CELL, MAT, and METHOD Numbers

These files test bogus numbers specified on various parameters of the PERT card. There
were no expected results since the response of MCNPAC was being tested. The results were
described in the main document. Due to several repetitious definitions, subsequent problems are

given as an alteration to the problem given in subsection 1.

1. Neutron Problem with Photon Reaction on RXN Parameter. The following input
filewas used for this test.

Godiva problem in LA-13374 on pg 30 used to check response to bogus rxns
1 1 0.0479813 -1
20 1

1 so 8741

kcode 1000 1.0 10 40

ksrc 000

imp:n10

ml 92235.50c -94.73 92238.50c -5.27
m2 92235.50c-87 92238.50c -13
fan 1
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fmd -11 1

sd4 1
pert2:n cell=1 rho=-18.74 mat=2 method=-1 rxn=501
prdmp 2j -1

2. Unknown Reaction on RXN Parameter. The following input file was used for this
test.

Replace the Perturbation definition (line 15) in the problem of subsection 1 with;
pert2:n cell=1 rho=-18.74 mat=2 method=-1 rxn=952

3. Useof Nonexisting Cell on CELL Parameter. The following input file was used for
this test.

Replace the Perturbation definition (line 15) in the problem of subsection 1 with:
pert2:n cell=3 rho=-18.74 mat=2 method=-1 rxn=1

4. Useof Nonexisting Material on MAT Parameter. The following input file was used
for thistest.

Replace the Perturbation definition (line 15) in the problem of subsection 1 with:
pert2:n cell=1 rho=-18.74 mat=4 method=-1 rxn=1

5. Useof Invalid Number on METHOD Parameter. The following input file was used
for thistest.

Add the following perturbation to the problem of subsection 1:
pert2:n cell=1 rho=-18.74 mat=2 method=5 rxn=1

F. Energy RangesViathe ERG Parameter

These test files were created to ensure that the new capability still was able to perturb only a
range of energies using the ERG parameter of the perturbation feature. The reasoning behind cre-

ating these files due to threshold energiesis listed in the main document.

1. Input FileErg0l. This neutron input file was generated with a fixed source and the
fission neutrons turned off, so that all neutrons could be expected to be less than the source
energy. The unperturbed tallies should be identical, and both perturbed tallies should give identi-
cal answers (pertl on tally4 and pert2 on tally14).

Godiva problem in LA-13374 on pg 30 used to check response to erg option
1 1 0.0479813 -1

20 1

1 so 8741

sdef erg=d1 pos=00 0
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s1L7

spl 1

nps 1000

nonu

imp:n10

ml 92235.50c 1

fdn 1

fmd -11 16:17

si4 1

fl4:n 1

fml4 -1 1 16

sd14 1

pertl:n cell=1 rho=0.04 method=1 rxn=16 17 erg=5.5,9
pert2:n cell=1 rho=0.04 method=1 rxn=16 erg=5.5,9
prdmp 2j -1

2. Input FileErg02. This neutron input file was generated with a fixed source and the
fission neutrons turned off, so that all neutrons could be expected to be less than the source
energy. For this problem, it is expected that all tallies (unperturbed and perturbed) should match
each other.

Godiva problemin LA-13374 on pg 30 used to check response to erg option
1 1 0.0479813 -1
20 1

1 so 8741

sdef erg=d1 pos=00 0

s1L5

spl 1

nps 1000

nonu

imp:n10

ml 92235.50c 1

fan 1

fmd -11 -6:-3:16:17

sd4 1

fl4:n 1

fmi4 -1 1 -6:-3

sd14 1

pertl:n cell=1 rho=0.04 method=-1 rxn=-6-3 16 17 erg=5.5,9
pert2:n cell=1 rho=0.04 method=-1 rxn=-6-3  erg=5.5,9
prdmp 2j -1

3. Input FileErg03. This neutron input file was generated with a fission KCODE card
to alow neutron energies to range the spectrum. The unperturbed tallies should be identical, and

both perturbed tallies should give identical answers (pertl on tally4 and pert2 on tally14).

Godiva problem in LA-13374 on pg 30 used to check response to erg option
C no expected response since reaction 16 has cutoff at 5.35 MeV
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1 1 0.0479813 -1
2 0 1
1 so 8741

kcode 1000 1.0 10 40

ksrc 000

imp:n10

ml 92235.50c 1

fdn 1

fmd -1 1 16:17

sd4 1

fl4n 1

fml4 -1 1 16

sd14 1

pertl:n cell=1 rho=0.04 method=1 rxn=16 17 erg=5.5,9
pert2:n cell=1 rho=0.04 method=1 rxn=16 erg=5.5,9
prdmp 2j -1

G. Effect on Tally Types6and 7

These input files test the effect of the new capability on tally types 6 and 7 by using neutron
and photon problems. The correction is applied since these are cross-section dependent tallies. A
pair of filesiscreated, thefirst file hasatype 6 or 7 tally, and the second uses an equivalent type 4
tally with an FM card. By including a negative multiplicative constant on the FM card, the cor-
rection will be applied to the type 4 tally file, and then this perturbed tally should match the type 6
or 7 tally from thefirst file.

1. Input FileTal6l. This neutron KCODE problem includes a type 6 taly, and its tally
result should match the corrected perturbed tally results from the following problem, tal61b.

Godiva problemin LA-13374 on pg 30 used to check response to type 6 tally
1 1 0.0479813 -1
20 1

1 so 8741

kcode 1000 1.0 10 300

ksrc 000

imp:n10

ml 92235.50c -94.73 92238.50c -5.27
fern 1

sd6 1

prdmp 2j -1
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2. Input File Tal6lb. This neutron KCODE problem includes an equivalent type 4 tally
with atally multiplier card. Itstally result should match the corrected perturbed tally results from
the previous problem, tal61.

Replacetal61 cell 1 definition (line 2) with:
1 1 00485 -1

Replace tal61 tally section (lines 11-12) with:
fa4n 1

fmd -11-1-4

sd4 1

Add to tal61 the following perturbation definition:
pertl:n cell=1 rho=0.0479813 method=-1 rxn=-1

3. Input FileTal62. This neutron and photon KCODE problem includes a type 6 taly.
Its tally result should match the corrected perturbed tally results from the following problem,
tal62b.

Godiva problemin LA-13374 on pg 30 used to check response to type 6 tally
1 1 0.0479813 -1
20 1

1 so 8741

mode n p

kcode 1000 1.0 10 300

ksrc 000

imp:n10

ml 92235.50c -94.73 92238.50c -5.27
férn 1

sd6 1

fi6:p 1

sd16 1

prdmp 2j -1

4. Input FileTal62b. This neutron and photon KCODE problem includes an equivalent
type 4 taly with atally multiplier card. Itstally resultsfor neutrons and photons should match the

type 6 tally results from the previous problem, tal62.

Replace tal62 cell 1 definition (line 2) with:
1 1 0048 -1

Replace the tally section (lines 12-15) in tal62 with:
fdn 1

fmd -11-1-4

sd4 1

flap 1

fml4 -1 1 -5-6
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«d14 1

Add the following two perturbation definitions to tal62.
pertl:n cell=1 rho=0.0479813 method=-1 rxn=-1
pert2:p cell=1 rho=0.0479813 method=-1 rxn=-5
prdmp 2j -1

5. Input FileTal63. This photon problem includes a type 6 tally, and its tally result
should match the corrected perturbed tally results from the following problem, tal63b.

Godiva problem in LA-13374 on pg 30 used to check response to type 6 tally
1 1 0.0479813 -1
20 1

1 so 8741

mode p

sdef erg=d1 pos=00 0

sl 014

1 01

nps 100000

imp:pl10

ml 92235 -94.73 92238 -5.27
fé:p 1

sd6 1

prdmp 2j -1

6. Input File Tal63b. This photon problem includes an equivalent type 4 tally with a

tally multiplier card. Itstally result should match the type 6 tally results from the previous prob-
lem, tal63.

Replace tal63 cell 1 definition (line2) with:
1 1 0047 -1

Replace tal63 tally section (lines 14-15) with:
fap 1

fm4 -11-5-6

sd4 1

flap 1

fml4 0.047 1 -5-6

sd14 1

Add the following perturbation definition to tal63:
pertl:p cell=1 rho=0.0479813 method=-1 rxn=-5

7. Input FileTal71l. This neutron KCODE problem includes atype 7 tally, and its tally

result should match the corrected perturbed tally results from the following problem, tal 71b.

Godiva problem in LA-13374 on pg 30 used to check response to type 7 tally
1 1 0.0479813 -1
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2 0 1
1 so 8741

kcode 1000 1.0 10 800

ksrc 000

imp:n10

ml 92235.50c -94.73 92238.50c -5.27
f7n 1

sd7 1

prdmp 2j -1

8. Input FileTal71lb. This neutron KCODE problem includes an equivalent type 4 tally
with atally multiplier card. Itstally result should match the type 7 tally results from the previous

problem, tal 71.

Replacetal 71 cell 1 definition (line2) with:
1 1 00485 -1

Replace tal 71 tally section (lines 14-15) with:
fdn 1

fm4 -1 1 -6-8

sd4 1

Add the following perturbation definition to tal 71.
pertl:n cell=1 rho=0.0479813 method=-1 rxn=-6

H. Perturbation Convergence

These files are combinations of earlier presented files and are used to test convergence of
the perturbation to the expected value. The first file of the pair calculates a perturbation, whether
it be density, material, or otherwise. The second fileis acopy of the first file but replaces the rel-
evant information from the first file’s perturbation definition. Both files are then run to conver-
gence and the tallies compared. If the perturbation is converging properly, it is expected that the

tallies will be very close.

1. Input FileFm71. This neutron KCODE problem sets up a material perturbation. The
perturbed tally results of PERT1 should match the tally results from fm71b. The results from

PERT2 gives an idea of how much the first- and second-order perturbation terms contribute.

test for convergence
1 1 00479813 -1
20 1

1 so 8741

kcode 5000 1.0 20 5000
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ksrc 000

imp:n10

ml 92235 -94.73 92238 -5.27

m2 92235-87 92238-13

fan 1

fm4 -1 1 -6 -7:-2

sd4 1

pertl:n cell=1 mat=2 method=-1 rxn=-6 -2
pert2:n cell=1 mat=2 method=3 rxn=-6-2
prdmp 2j -1

dbcn

2. Input FileFm71b. This neutron KCODE problem generates the expected values for

the perturbed tally from the previous problem.

Replace fm71 material section (lines 10-11 ) with:
ml 92235-87 92238-13

Delete the PERT cards from fm71

3. Input FileFm72. This photon problem checks the density perturbation convergence
of nonsequentially numbered cells and nonsequentialy perturbed cells. The perturbed tally
results of PERT1 should match the tally results from fm72b. The results from PERT2 gives an
idea of how much the first- and second-order perturbation terms contribute. PERT3 is a check of

cell 4 and alist of reactions.

test for convergence

1 1 0.0479813 -1

15 1 0.0479813 1 -215-216 217
4 1 0.0479813 -23 (215:216:-217)
35 0 23

1 so 2

215 cx 3
216 px 5
217 px -4
23 so 8

sdef rad d1 pos000

s102

spl-21 2

imppll110

mode p

nps 100000

ml 92235 -94.73 92238 -5.27
fap 1

f14:p 15

f24:.p4

fmd4 -1 1 -4:-3

fml4 (-1 1-5)(-11-2:-3) (11-6)
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fm24-1 1 -2:-3:-4

sd4 1

sd14 1

sd24 1

pertl:p cell=1 rho=0.0485 method=-1 rxn=-4 -3
pert2:p cell=1 rho=0.0485 method=-2 rxn=-4 -3
pert3:p cell=4 rho=0.0485 method=-1 rxn=-4-2 -3
prdmp 2j -1

4. Input FileFm72b. This photon problem generates the expected values from the per-

turbation tests in the previous problem.

Substitute the first cell definitions (lines 2-4) in fm72 with:
1 1 00485 -1

15 1 0.0485 1 -215-216 217

4 1 0.0485 -23 (215:216:-217)

Delete the PERT cardsin fm72.

5. Input FileFm73. This neutron KCODE problem is a density perturbation. The first
perturbation cal cul ates the entire perturbation, whereas the second one cal culates only the second-

order perturbation.

Godiva problem in LA-13374 on pg 30 with Carter's suggested tests
1 1 0.0479813 -1
20 1

1 so 8741

kcode 5000 1.0 10 5000

ksrc 000

imp:n10

ml 92235.50c -94.73 92238.50c -5.27
fdn 1

fmd -1 1-6-7

sd4 1

pertl:n cell=1 rho=.053 method=1
pert2:n cell=1 rho=.053 method=3
prdmp 2j -1

6. Input FileFm73b. This problem generates the expected values for the perturbed tally
infm73.

Replace the cell 1 definition (line 2) in fm73 with:
1 1 0053 -1

Delete the PERT cardsin fm73.



7. Input File Fm75. This neutron problem uses a density perturbation as well as a mate-
rial perturbation. The material that is being perturbed to is smply arepeated nuclide, so no differ-
ence between the two perturbed results is expected.

Godiva problem in LA-13374 on pg 30 used to compare converged repeated nuclide response
1 1 0.0479813 -1
20 1

1 so 8741

kcode 5000 1.0 10 5000

ksrc 000

imp:n10

ml 92235.50c 0.5 92238.50c 0.5

m2 92235.50c 0.1 92235.50c 0.4 92238.50c 0.5
fdn 1

fmd -11 1

sd4 1

pertl:n cell=1 mat=1 rho=0.05 method=1
pert2:n cell=1 mat=1 rho=0.05 method=2
pert3:n cell=1 mat=2 rho=0.05 method=1
pert4:n cell=1 mat=2 rho=0.05 method=2
prdmp 2j -1

8. Input File Fm75b. This problem generates the expected values for the perturbed tally
in fm75.

Replace the cell1 definition (line 2) in fm75 with:
1 1 005 -1

Delete the PERT cardsin fm75.
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APPENDIX B

CROSS-SECTION DEPENDENT TALLY VERIFICATION INPUT FILES

This appendix is taken from Ref. 3 and is listed here for completeness. The input files for
the test problems discussed in Section VI are listed here. For each example, five input files are
needed. Thefirst file contains four perturbations and gives the unperturbed result. The remaining
four files give the “actual” MCNP results for the perturbations by running with the perturbed
densities and/or concentrations. The input files used to obtain “actual” results are listed here as

alterations of the perturbed input file.

l. GODIVA-DENSITY PERTURBATION

The input for the unperturbed problem, input=godival, is

Godiva pert-back
1 1-1874-1
201

1s08.741

kcode 3000 1.0 20 220

ksrc000

imp:n10

m1 92235 -94.73 92238 -5.27
fan1

fma (-11-6-7)

sd4 1

pertl:n cell=1 rho=-20 method=2
pert2:n cell=1 rho=-20 method=1
pert3:n cell=1 rho=-21 method=2
pertd:n cell=1 rho=-21 method=1
pert5:n cell=1 rho=-23.5 method=2
pert6:n cell=1 rho=-23.5 method=1
pert7:n cell=1 rho=-26 method=2
pert8:n cell=1 rho=-26 method=1

The “actual” results for the four perturbations are obtained by deleting the PERT cards and
changing the density of cell 1 on line 2,
1 1-1874-1

with the first perturbation, input=godivaZ,
11-20-1
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or with the second perturbation, input=godiva3,
11-21-1

or with the third perturbation, input=godiva4,
11-235-1

or with the fourth perturbation, input=godivab,
11-26-1

. GODIVA-COMPOSITION CHANGE

The input for the unperturbed problem, input=gconcl, is

Godiva concentration
1 1-18.74-1
201

1s08.741

kcode 3000 1.0 20 220
ksrc000
imp:n10
m1 92235 -94.73 92238 -5.27
m2 92235 -87 92238 -13
m3 92235 -74 92238 -26
m4 92235 -62 92238 -38
mb5 92235 -50 92238 -50
m6 92235 -1
m7 92238 -1
fan1
fm4 (-11-6-7)

(-0.9479316 -6 -7)

(-0.052069 7 -6 -7)
sd4 1
pertl:n cell=1 rho=-18.74 mat=2 method=2
pert2:n cell=1 rho=-18.74 mat=2 method=1
pert3:n cell=1 rho=-18.74 mat=3 method=2
pertd:n cell=1 rho=-18.74 mat=3 method=1
pert5:n cell=1 rho=-18.74 mat=4 method=2
pert6:n cell=1 rho=-18.74 mat=4 method=1
pert7:n cell=1 rho=-18.74 mat=5 method=2
pert8:n cell=1 rho=-18.74 mat=5 method=1

The “actual” results for the four perturbations are obtained by deleting the PERT cards and

replacing material 1 of cell 1 (line 2) and the FM card (lines 18 - 20),
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1 1-1874-1

fm4 (-11-6-7) (-0.9479316-6-7) (-0.0520697 -6-7)

with the first perturbation using material 2, input=gconc2,
1 2-1874-1

fmd (-12-6-7)

or with the second perturbation using material 3, input=gconc3,
1 3-18.74-1

fma (-13-6-7)

or with the third perturbation using material 4, input=gconc4,
1 4-1874-1

fm4 (-14-6-7)

or with the fourth perturbation using material 5, input=gconc>5,
1 5-1874-1

fm4 (-15-6-7)

1. TEST PROBLEM INP18-K4 ESTIMATE

The input for the unperturbed problem, input=inp181, is

testprob18 -- kcode in a hexagonal prism lattice.

¢ threehalf control rods and five whole control rods.
30 0-905-19291 fill=1

31 0-906-19291 fill=1(16.711300)

37 0-907-19291 fill=1(-16.711300)

34 0-913-1929 fill=1(011.91850)

32 0-914-1929 fill=1(10.3217 5.9592 0)

33 0-915-1929 fill=1(8.3557 14.4724 Q)

35 0-916-1929 fill=1(-8.3557 14.47240)

36 0-917-1929 fill=1(-10.3217 5.9592 0)

C universe 1. structure of control rod.

38 11 -2.02 -880 u=1 $control rod core

39 6 -84 880-881 u=1 $control rod cladding

40 12 -1.00 881-882 u=1 $ control rod gap

41 6 -84 882 u=1 $control rod sheath

¢ the space between the control rods, filled with lattice.
140 0 -17129-19 905 906 907 913 914 915 916 917 fill=2



Cc universe 2; lattice of fuel rods with water in between.
42 12-1.00 -301302-303304-305306 u=2 lat=2 fill=
-37:27-1:330:.0 &
24r3924r311r24r311r24r 39r 2
24r39r23r312r23r312r23r39r 2 1r
23r310r22r313r22r313r22r310r 2 1r
23r357r22r&
22r358r22r
22r316r22r317r22r316r 2 3r
22r315r23r316r23r315r 2 4r
21r315r24r 315r 2 4r 315r 2 4r
21r315r23r316r 2 3r 315r 2 5r
21r315r22r317r 2 2r 315r 2 6r
21r354r27r &
¢  cancoderemember & thru comment?
2355r27r
2325r22r325r28r
2324r23r324r209r
2323r24r323r210r
2315r22r34r23r34r22r 315r 2 11r
2314r23r34r22r34r23r314r212r
2313r24r311r24r313r 2 13r
2313r23r312r23r313r214r
2313r22r313r22r 313r 2 15r
2 346r 2 16r
2345r 2 17r
2344r 2 18r
21r341r 2 20r
21r340r 2 21r
21r339r222r
22r 3 36r 2 24r
2 2r 3 35r 2 25r
23r332r227r
24r 329r 2 29
25r 3 26r 2 31r
26r323r233r
28r 318r 2 36r
2 11r 311r 2 40r
2 64r
c universe 3: structure of fuel rod lattice elements.
154 2-13.75 -58 u=3 $fuel eement
149 12 -1.00 58-268 u=3 $gap
144 7-19.66 268-478 u=3 $liner
159 6 -84 478-698 u=3 $cladding
141 12 -1.00 698 u=3 $ water between the fuel rods
162 017:-29:19:-1 $outside world

*1 py 0 $x-zplane, reflective
17 cz 29.135

19 pz 31.75 $top of reactor

29 pz-31.75 $ bottom of reactor
58 «c¢/z 34414 8515 .3240
268 c/lz 34414 8515 .3345
478 clz 34414 8515 .3475
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698 c/z 34414 8515 4318
880 cz 1.7251

881 cz 1.8051

882 cz 1.9051

905 cz 2.1055

906 c/z 16.7113 0 2.1055

907 c/z -16.7113 0 2.1055

913 c/z 011.9185 2.1055

914 c/z 10.3217 5.9592 2.1055
915 c/z 8.3557 14.4724 2.1055
916 c/z -8.3557 14.4724 2.1055
917 c/z -10.3217 5.9592 2.1055
301 px 3.9330

302 px 2.9498

303 p 11.7320508076 0 5.8994
304 p 11.7320508076 0 3.9330
305 p -11.7320508076 0 -.9834
306 p -11.7320508076 0 -2.9498

imp:n 1 18r O

m2  92235.50d -.70573 92238.40c -.23821 7014.50d -.05605
m6  41093.40c -1.00000

m7  74000.55d -.74000

mll 5010.03d -.6870 5011.40c -.0840 6012.40c -.2290
ml12 1001.60c 1 1002.60c 3 8016.40c 1

mt12  hwtr.01 Iwtr.01

c pertl:n cell=42,141,40,149 rho=-1.50

kcode 2000 1 20 220

ksrc 3.2.2.23.2-3.2.2.23.243.2-43.243.1-43.2
ce .01.11.10.

cfq fe

cfcd fuel rod flux in 5y locations averaged over 5 x elements
cfd:n (154<(42[-10:-6-10])) $average5x elements at j=-1
c (154<(42[-10:-6 30Q])) & $average5 x elementsat j=3
C (154<(42[-10:-6 100])) $average5x elementsat j=10 &

c (154<(42[-10:-6 21 0])) $average5 x elements at j=21
c (154<(42[-10:-6290])) $average 5 x elements at j=29
csd4 104.7089062 4r $ 5 times the volume of cell 154
cfm4(12-5)(12-6) (12-7) (12-8) (124001) (12102021)
print 30 90 102 110 160 161 162

cprdmp 2j -1

¢ ptrac buffer=20 file=asc write=all event=bnk

f14:n 154

fml4 (-12-6-7)

sdld 1

fcl4 Keff estimator for cel 154

pertl:n cell=154 rho=-15.5 method=2

pert2:n cell=154 rho=-15.5 method=1

pert3:n cell=154 rho=-17 method=2

pertd:n cell=154 rho=-17 method=1

pert5:n cell=154 rho=-21.5 method=2

pert6:n cell=154 rho=-21.5 method=1

pert7:n cell=154 rho=-26 method=2

pert8:n cell=154 rho=-26 method=1



The “actual” results for the four perturbations are obtained by deleting the PERT cards and
replacing the density of material 2, cell 154, line 58,
154 2-1375 -58 u=3 $fuel element

with the first perturbation, input=inp182,
154 2-155 -58 u=3 $fuel element

or with the second perturbation, input=inp183,
154 2-17. -58 u=3 $fuel element

or with the third perturbation, input=inp184,
154 2-215  -58 u=3 $fuel element

or with the fourth perturbation, input=inp185,
154 2 -26. -58 u=3 $fuel element

IV.  TEST PROBLEM INPO2-NEUTRON ABSORPTION RATE ESTIMATE

The input for the unperturbed problem, input=inp021, is
testprob02 -- three different tallies of the same physical quantity.

1 1-245 -1 $pd5=.3 $boron ball with volume source
2 2-27 1-24 $pd5=1 $auminum shell

3 2-27 2-34 $pd5=1 $auminum shell

4 0 3  $pd5=1 $outsideworld

5 2-27 5-4 $pd5=1 $4. ball to av. dxtran/tally2 con.
6 2-27 -5 9$pd5=1 $little duminum ball for tally 4
1 s05

2 07

3 010

4 sy 7 19

5 sy7 3

¢ volume sourcein boron ball, biased in position.

¢ thesymmetry is sufficient for the biasto be afair game.
sdef cel d4 xdl yd2 zd3 erg=1

sl -55

sp1 01

sc2 position is biased toward the dxtran and the ring detector.
s2 a-55

2 11

sh2 12
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si3 -55
3 01
si4l1
spdv
c
ml 5010.00 .196 5011.40c .804 nlib=03d $ natural boron
m2 13027.40c1 $auminum-27
m3  5010.0.250 5011.40c .750 nlib .03d $ enriched b-10 of .250
c pertl:n cell=1 mat=3
¢ ctme 60
cphysn 1.2  $cross sections above 1.2 mev will be expunged.
c
c all tallies have the same energy hins.
ce0 .01.03.1.31
c fc2 average flux on surface 2.
cf2n 2
cflinl
ccl -83i04i1t
cfgl ce
ctfl 17r
cft2 tmc-2.05
ct2 -29i 310100
cfg2 te
cftl fry345 geb120
fc4 neutron absorption in cell 6
fd:n 6
fm4 (-12-2)
cdd5 .003
cfgb ue
cfus 18i 10
cfts inc
c fcb average flux at ring detector.
cfy5:n54.89.7
cdxcn 1.7.9011
cddl .04 100
thtme-100.512
# tmpl tmp2 tmp3 tmpd tmp5
1 1e-8 2e-8 3e-8 4e-8 5e-8
2 2e-8 3e-8 5e-8 4e-8 3e-8
3 1e-8 5e-8 4e-8 3e-8 2e-8
4 0 0 0 0 O
5 2e-8 1e-8 5e-8 3e-8 1le-8
6 3e-8 2e-8 1e-8 2e-8 1le-8
c
cdxt:n07011.9 $dxtran around cell 6, inside cell 5.
impnl111011
c
nps 10000000 $ run 5000 histories.
print 10 72 170
cprdmp2500625-12  $print mctal file.
cdbcn 14 1
¢ ptrac buffer=2 file=asc event=src nps=1,200 cell=3
pertl:n cell=6 rho=-2.85 method=2
pert2:n cell=6 rho=-2.85 method=1
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pert3:n cell=6 rho=-3 method=2
pert4:n cell=6 rho=-3 method=1
pert5:n cell=6 rho=-3.3 method=2
pert6:n cell=6 rho=-3.3 method=1
pert7:n cell=6 rho=-3.6 method=2
pert8:n cell=6 rho=-3.6 method=1

The “actual” results for the four perturbations are obtained by deleting the PERT cards and

changing the density of cell 6, material 2, line 7,
6 2-27 -5 $pd5=1 $littleauminum ball for tally 4

with the first perturbation, input=inp022,
6 2-28 -5 $pd5=1 $little dluminum ball for tally 4

or with the second perturbation, input=inp023,
6 2-3. -5 9Ppd5=1 $littlealuminum ball for tally 4

or with the third perturbation, input=inp024,
6 2-33 -5 $pd5=1 $littleauminum ball for tally 4

or with the fourth perturbation, input=inp025,
6 2-36 -5 $pd5=1 $little aluminum ball for tally 4

V. TEST PROBLEM INPO4-PHOTON COLLISION RATE ESTIMATE

The input for the unperturbed problem, input=inp041, is

testprob04 -- photons
1.02 -1  $uranium hydride ball with point source
2 .1-21 34 $uranium-lithium shell
2 $zero-importance outside world
1-35
1-46

~NOoO b~ WNBRE
NNDNNO

L N
o0 w

so0 10

so0 20
s-102r21
s102r1.1
s-102r 1.9
s102r .9

OO WNPE
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mode p
imp:pl110111m1m
ml plib=02p 92000 1 1000 3
m2 920001 30003
m3 92000 0.9 3000 3.1
m4 92000 0.7 3000 3.3
m5 92000 0.5 3000 3.5
m6 92000 0.3 3000 3.7
m7 92000 1
m8 30001
C monoenergetic isotropic point source at (0,0,0)
sdef erg=dl cel=1
spl-4
ce0 .01.115
cf6:p 12 67 $heating taly
cf5x;p 12 15 1
fca collisionsin ULi Shell
cfap 12 67 $fluxtaly
fap2
fm4 (-12-5)
(-0.257-5)
(-0.758-5)
cfgd ef
cft4tmc-2.05
cfts5tmc-2.05
ct4 -29i 310100
ct5 -29i 310100
cfge fe
cfgs ed
cfg25ed
cfz25;p-12 15 -1 -7 7 2
cdd 0 100 .01
cdd5 -1
nps 1000000
¢ print 30 160 161 162
cprdmp 2j -1
cded4 110 100
cdf40.80.91.0
cdxt:p-102r12102r11.01.005
cdxcpl10.99.1.1
cpd 110.13r
cdd2 0100.005 .4m
cde25 .018i.18i12
cdf251in .8 18i .99
€ dd1-0.01 1000
¢ phys:p .05
ccfd 4
ccfé 5
ccutp.1.01.5.2.8
pertl:p cell=2 rho=0.1 mat=3 method=2
pert2:p cell=2 rho=0.1 mat=3 method=1
pert3:p cell=2 rho=0.1 mat=4 method=2
pertd:p cell=2 rho=0.1 mat=4 method=1
pert5:p cell=2 rho=0.1 mat=5 method=2



pert6:p cell=2 rho=0.1 mat=5 method=1
pert7:p cell=2 rho=0.1 mat=6 method=2
pert8:p cell=2 rho=0.1 mat=6 method=1
print

The “actual” results for the four perturbations are obtained by deleting the PERT cards and
replacing material 2 of cell 2 (line 3) and the FM card (lines 36 - 38),

2 2 .1-2134$uranium-lithium shell

fma (-1 2 -5)
(-0.257 -5)
(-0.758-5)

with the first perturbation using material 3, input=inp042,
2 3 .1-2134$uranium-lithium shell

fmd (-1 3 -5)

or with the second perturbation using material 4, input=inp043,

2 4 .1-2134$uranium-lithium shell

fm4 (-1 4-5)

or with the third perturbation using material 5, input=inp044,
2 5 .1-2134$uranium-lithium shell

fma (-15-5)

or with the fourth perturbation using material 6, input=inp045,
2 6 .1-2134$uranium-lithium shell

fmd (-1 6 -5)

VI.  TEST PROBLEM INP10-PHOTON COLLISION RATE ESTIMATE

The input for the unperturbed problem, input=inp101, is

testprob10 general test problem  /x6code/gtprob
1 1-64 1-2-3132-3334

2 0 10-4-12#1

3 2-1 4-14-125

4 3-894 -56

5 0 -6
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4 -225 7-8-12
2-1 8-9-12
2-1 9-12

4 -225 11-10-12
2-1 -11-12
3-894 12-13

0 13

2-1 14-7-125

1

2

4 px11.9

5 tx3000201818
6 tx3000201515
7 px50

8 px70

9 px90

10 px-20

11 px-50
12 cx 40
13 cx 45
14 px 30
20 cx10
21 cx25
31 py5
32 py-5
33 pz5
34 pz-5

mode np

ml 29000.021 8016.40 1

m2 1001.60 2 8016.40 1

m3 29000.02 1

m4 6012401

imp:n 11222421.5.25104
imp:p 11222421.5.25104
sdef erg=dl vec=1 0 0 dir=d2 pos=5 0 0 rad=d3 cel=1
spl -3

sh2 -311.2

s3 8.67

cfdn 6

fl4:.p6

fmi4 (-14-5)

fq se

cfs -20-21

physin j 1e-6

physp10

nps 2000000

cprdmp 2j -1

print 50

pertl:n,p cell=6 rho=-2.4 method=2
pert2:n,p cell=6 rho=-2.4 method=1
pert3:n,p cell=6 rho=-2.6 method=2
pertd:n,p cell=6 rho=-2.6 method=1



pert5:n,p cell=6 rho=-3.0 method=2
pert6:n,p cell=6 rho=-3.0 method=1
pert7:n,p cell=6 rho=-3.6 method=2
pert8:n,p cell=6 rho=-3.6 method=1

The “actual” results for the four perturbations are obtained by deleting the PERT cards and

changing the density of cell 6, material 4, line 7,
6 4-225 7-8-12

with the first perturbation, input=inp102,
6 4-24 7-8-12

or with the second perturbation, input=inp103,
6 4-26 7-8-12

or with the third perturbation, input=inp104,
6 4-30 7-8-12

or with the fourth perturbation, input=inp105,
6 4-36 7-8-12
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APPENDIX C

EXAMPLE PERTURBATION PROBLEMS

l. OVERVIEW

This appendix is taken from Ref. 2 and is shown here for completeness. The perturbation
problems previously presented in this report are mainly focused upon verification of the new
tally-dependent cross-section capability. The examples given in this appendix represent perturba-
tions designed to demonstrate the PERT card capability of voiding and unvoiding regions as well

as composition changes.

A. Voiding and Unvoiding

Voiding a cell is ssimply an extension of a density change, using the keywords CELL and
RHO on the PERT card, with the density set to zero. Unvoiding a cell cannot be directly per-
formed using this technique; however, a simple solution is to include the material in the unper-
turbed problem. In this approach, the cell of interest is modeled with the material, and the PERT
card simply voids the cell. The sign of the perturbation results should be reversed in the case of
unvoiding. The following MCNP example includes a sphere of UH3 surrounded by a void spheri-
cal shell and alayer of ULis.

Appendix C sample problem 1
1 1.02-1 imp:p=1 $UH3inner sphere
2 0 1-2 imp:p=1 $ Void spherical shell
3 2.1 2-3imp:p=1 $ULIi3 outer shell
4 0 3  imp:p=0 $ Outside world
1 s010
2 50105
so 20
mode p

ml 920001 10003 $ Uranium Hydride
m2 920001 30003 $ Uranium Lithium

sdef erg=6 $ 6 MeV source at center
flp 3 $ Current on outer surface
nps 25000
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To unvoid cell 2 with ULi3, simply fill cell 2 with ULi3, add a PERT card that voids cell 2,
and reverse the sign of the perturbation estimate for Tally 1. These modifications are included in

the following input file and denoted by the arrows.

Appendix C sample problem 1

1 1.02-1 imp:p=1 $UH3inner sphere
2 2.1 1-2 imp:p=1 $ULi3inner shell
3 2.1 2-3imp:p=1 $ULIi3 outer shell
4 0 3 imp:p=0 $ Outside world

[N

s0 10
s010.5
so 20

w N

mode p

ml 920001 10003 $ Uranium Hydride

m2 920001 30003 $ Uranium Lithium
—  pertl:p cell=2rho=0.

sdef erg=6 $6 MeV source at center
flp 3 $ Current on outer surface
nps 25000

Clearly if one wants to unvoid a region with several different materials, then separate runs

must be performed.

B. Composition and Geometric Perturbations

A composition perturbation can range from a dight variation in atom or weight fractions to
a change in material. Variations in atom or weight fractions are straightforward and require only
an additional material card, reflecting the fractional changes, and the use of the CELL and MAT
keywords on the PERT card (the RHO keyword may also be used to alter the density). Changesin
material, on the other hand, are somewhat more complicated. In this case, the unperturbed prob-
lem must be modified such that cells of interest contain a mixture of both materials (the original
material plus the perturbation material). Furthermore, two PERT cards are required to estimate the
change back to the original material and to the perturbation material. Finally, these two perturba-
tion results must be properly combined to obtain the overall estimate for the material perturbation.

Consider the previous example, except that thistime cell 2 isfilled with UH3.

Appendix C sample problem 2
1 1.02-1 imp:p=1 $UHS3inner sphere
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N

1-2 imp:p=1 $ UH3 inner shell
2-3 imp:p=1 $ ULi3 outer shell
3  imp:p=0 $ Outside world

.02
d

w

1
2
0

1 s010
2 0105
3 020

mode p
ml 920001 10003 $ Uranium Hydride
m2 920001 30003 $ Uranium Lithium

sdef erg=6 $ 6 MeV source at center
flp 3 $ Current on outer surface
nps 25000

The effect of changing cell 2 from UH3 to ULi3 can be estimated with the following steps.
First, fill cell 2 with amixture of UH3 and ULi5. The new material card needed for this cell can be
obtained by simply adding the atom fractions of the separate materials. This same approach can
be used for weight fractions as well. As long as a significant amount of each material is in the
mixture, the way they are combined is not important. Next, add two PERT cards — one that per-
turbs cell 2 back to Ugland one that perturbs cell 2 to YLThis leads to the following input file

with the changes denoted by the arrows.

Appendix C sample problem 2

1 1.02-1 imp:p=1 $UH3inner sphere

2 3.06 1-2 imp:p=1 $Mixture of UH3 and ULi3
3 2.1 2-3imp:p=1 $ULIi3 outer shell

4 0 3  imp:p=0 $ Outside world

=

s0 10
s010.5
s0 20

w N

mode p

ml 920001 10003 $ Uranium Hydride

m2 920001 30003 $ Uranium Lithium

m3 92000 2 1000330003 $ Half UH3 and ULi3
pertl:p cell=2 mat=1rho=.02

pert2:p cell=2 mat=2 rho=.1

!

!

!

sdef erg=6 $ 6 MeV source at center
flp 3 $ Current on outer surface
nps 25000

Note that the density of cell 2 is consistent with the mixture of &iftl ULE. The exact

value of this density is not important, as long as it is between the densities of the two materials. It
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should also be noted that the unperturbed results for Tally 1 will change from that of the previous
input file, since they are now consistent with the mixture of materialsin cell 2. Finally, properly
combining the perturbation results is important. To estimate the change of going from UHj3 to
ULz, take PERT2 minus PERT1. To estimate the change of going from ULi5 to UH3, take PERT1
minus PERT 2.

Geometric perturbations are included in this section since they can be modeled, in most
cases, as materia perturbations. Such perturbations are achieved in MCNP by overspecifying the
geometry in the region of interest. For example, the previous problem can be viewed as a geomet-
ric perturbation in that it gives the estimated effect of the ULi3 region collapsing into the UH5
region. In a similar manner, one could consider the effect of withdrawing a control rod in a
nuclear reactor. Simply model the region of motion as a separate cell and perturb the material in

that cell from control rod material to moderator material, for example.
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APPENDIX D

PERTURBATION ERRORSIN MCNP4B

l. ERRORS ENCOUNTERED

During the testing of the new perturbation correction capability, it was determined that three
errors existed in the perturbation feature of MCNP4B. The first error identified by these tests
concerns repeated nuclides. It was possible to create a simple problem for which no perturbation
would be expected but one resulted. A test set (see next section) was generated by using a
repeated nuclide with fractions that sum to the same total as given on a previous material card:

M1 92235 0.5 92238 0.5

M2 92235 0.4 92235 0.1 92238 05.
Both M1 and M2, when used as the material for acell, yield identical 4 tally results. However, if
the tally was perturbed from M1 to M2 with a 0.04% density change, MCNP4B gave alarge per-
turbation, sometimes on the order of 10000% of the unperturbed tally. This has been corrected in
version 4C.

The second error involved the RXN parameter on the PERT card. The users’ manual states
that nonstandard special R numbers can be used to specify the reaction to be pel(linese.
nonstandard special reaction numbers are listed in Section 111.B.2.) However, when the special R
number -1 was used in a neutron problem or if RXN=-5 was used for a photon problem,
MCNP4B gave erroneous results. These cases had not been considered in the original program-
ming of 4B. This, too, has been corrected in version 4C.

The RXN=-1 case for neutrons has been tested, and it gave the same corrected results as
RXN=1 and no RXN specified (the default is assumed RXN=The test problem which illus-
trates this is “mtfm01” (found in Appendix A Section I1l.A.1) which does show a difference in the
perturbed tally in the last decimal place. The difference occurs since MT=1 includes thermal
effects and MT=-1 does not. The RXN=-5 case for photons has also been corrected. The file
“mtfm35” (found in Appendix A Section I1.A.9) illustrates this change.

The third error was the missi®y,y,  term in thg, of Eq. (36). The effect is small -

usually unnoticeable. This has been corrected in version 4C.
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. REPEATED NUCLIDE TEST SET

The following sections describe the repeated nuclide test set which was used and results
obtained when the input files were run using MCNP versions 4B and 4C. To compare output
results, it was necessary to turn the perturbation correction capability off. Thus, on the FM card

for each of these problems, notice that a positive multiplicative constant is used.

A. Input File Rep01

This neutron input file has a volume averaged tally on the default reaction (MT neutron
reaction 1 on FM card) and only uses material 1 for cross-section data.

Godiva problem in LA-13374 on pg 30 used to check for repeated nuclides
1 1 00479813 -1
20 1

1 so 8741

kcode 1000 1.0 10 40

ksrc 000

imp:n10

ml 92235.50c 0.5 92238.50c 0.5

m2 92235.50c 0.1 92235.50c 0.4 92238.50c 0.5
fdn 1

fm4 0.0479813 1 1

sd4 1

prdmp 2j -1

The results (with error given in relative error) obtained for thistally are:
4B: 3.17534E+00 + 0.0014
4C: 3.17534E+00 0.0014

These results match as are expected and will be referred to as nominal case 1.

+

I+

B. Input File Rep02

This neutron input file has a volume averaged tally on the default reaction (MT neutron

reaction 1 on FM card) and only uses material 2 for cross-section data.

Replace the material 1 card (line 2) in rep01 with:
1 2 00479813 -1

Replace the FM card (line 13) in rep01 with:
fm4 0.0479813 2 1



The results (with error given in relative error) obtained for thistally are:
4B: 3.17534E+00 = 0.0014
4C: 3.17534E+00 + 0.0014
These results match as expected; furthermore, they match the results of nominal case 1. The

results of rep02 will be referred to as nominal case 2.

C. Input File Rep03

This neutron input file has a volume averaged tally on the default reaction (MT neutron
reaction 1 on FM card) and only uses material 1 for cross-section data. This problem will calcu-
late the tally which should be expected if the slight density change is used.

Replace the material 1 card (line 2) in rep01 with:
1 2 0048 -1

Replace the FM card (line 13) in rep01 with:
fm4d 0048 2 1

The results (with error given in relative error) obtained for thistally are:

4B: 3.17701E+00 = 0.0014

4C: 3.17701E+00 + 0.0014
These results match as expected; furthermore, they seem consistent with the logic that a very
small increase in density (0.04%) of the material will result in avery small increasein thetally on

all reaction types. The results of rep03 will be referred to as nominal case 3.

D. Input File Rep04

This neutron input file has a volume averaged tally on the default reaction (MT neutron
reaction 1 on FM card) and only uses material 1 for cross-section data. However, this problem
adds a single perturbation from material 1 to material 2 with a slight density perturbation. (If no
density perturbation is used, version 4C turns off the perturbation because it recognizes that mate-
rial 1isequivalent to material 2.) Itisexpected that the perturbation should be avery small value
since the density was changed by about 0.04%.

Add the perturbation 1 card to rep01.:
pertl:n cell=1 mat=2 rho=0.048
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The results (with error given in relative error) obtained for the F4 tally are:

4B: 3.17534E+00 + 0.0014
4C: 3.17534E+00 = 0.0014
The results (with error given in relative error) obtained for perturbation 1 are:
4B: 2.58469E-01 + 0.0434
4C: 3.76813E-05 + 0.1363

The unperturbed tally results match those of nominal case 1 and 2, as was expected, since
that part of the problem was unaffected by the perturbation. However, the perturbation results do
not match. Version 4B calculates a large perturbation, whereas version 4C predicts a much
smaller one. From nominal case 3, it is seen that this perturbation should be much smaller than
that calculated by version 4B and on the order of the perturbation calculated by 4C.

E. Input File Rep09

This photon input file has a volume averaged tally on the default reaction (FM photon reac-
tion -5 on FM card) and only uses material 1 for cross-section data. This problem adds a single
perturbation from material 1 to material 2 and a slight density perturbation. (If no density pertur-
bation is used, version 4C turns off the perturbation because it recognizes that material 1 is equiv-
alent to material 2.) It is expected that the perturbation should be a very small value, since the

density was changed by about 0.04%.

Photon problem used to check repeated nuclides
1 1 00479813 -1
20 1

1 so 8741

mode p

nps 10000

sdef pos000

imp:pl0

ml 92238 0.9 92235 0.09 1001 0.01
m2 92000 0.9 92000 0.09 1001 0.01
fap 1

fm4 0.0479813 1 -5

sd4 1

pertl:p cell=1 mat=2 rho=0.048
prdmp 2j -1
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The results (with error given in relative error) obtained for the F4 tally are:

4B: 4.58160E+01 + 0.0030
4C: 4.58160E+01 + 0.0030
The results (with error given in relative error) obtained for perturbation 1 are:
4B: 5.67577E+03 = 0.0076
4C: 1.24394E-02 + 0.0170

These perturbed results do not match and are quite different! The version 4B perturbed tally
is 2 orders of magnitude higher than the unperturbed tally. Thisis clearly incorrect since there
was such atiny density perturbation involved. However, version 4C (which has been corrected)

yields values which are much more reasonable.
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APPENDIX E

REVISED TEST SUITE INPUT FILES

The test suite problems are used to ensure that MCNP has been installed and compiled cor-
rectly. Changes between MCNP versions B and C necessitated changes in the test suite files to
ensure that new capabilities are correctly installed. The following sections show the three

changed test suite problems. Changed lines are denoted by an arrow.

l. NEW TEST SUITE PROBELM INP10

testprobl10 general test problem  /x6code/gtprob
1 1-64 1-2-3132-3334
2 0 10-4-12#1
3 2-1 4-14-125
4 3-894 -56
5 0 -6
6 4-225 7-8-12
7 2-1 8-9-12
8 2-1 9-12
9 4-225 11-10-12
10 2-1 -11-12
11 3 -894 12-13
12 0 13
13 2-1 14-7-125
1 pxO0
2 px10
4 px11.9
5 tx3000201818
6 tx3000201515
7 px50
8 px70
9 px90
10 px-20
11 px-50
12 cx 40
13 cx45
14 px30
20 cx10
21 cx25
31 py5
32 py-5
33 pz5
34 pz-5
mode np

ml 29000.02 1 8016.40 1
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m2 1001.60 2 8016.40 1
m3 29000.02 1
m4 6012401
- m5 601240 04 601240 06
imp:n 11222421.5.25104
imp:p 11222421.5.25104
sdef erg=d1 vec=1 0 0 dir=d2 pos=5 0 0 rad=d3 cel=1
spl -3
sh2 -311.2
si3 8.67
fdn 6
sd4 111
fm4 (-15-1)
fl4:p6
sdl4 111
fml14 (-15-5)
pertl:p cell=6 rho=-2.2 method=-1 rxn=501
pert2:p cell=6 rho=-2.2 method=2 rxn=-5
pert3:p cell=6 rho=-2.2 mat=5 method=-1 rxn=-5
pertd:n cell=6 rho=-2.2 method=-1 rxn=-1
pert5:n cell=6 rho=-2.2 mat=5 method=-1 rxn=-1
fq se
fs -20-21
physin j 1e-6
physp10
nps 500
prdmp 2j -1
print 50

N A

NEW TEST SUITE PROBLEM INP11

testprobll -- intertwined super pretzels with s(a,b), mode n p

1

2
3
4

o Ol

P OoO~NOOOLDWNPRE

[
N RO

13

0

1-7.8 -1:-2:-3 $ pretzel of tori

2-2.66 -4:-5:-6:-7:-8:-9:-10:-11 $ cage of ellipsoids

3-9 -12-13:-14:-15:-16:-17:-18:-19:-20:-21  $toys

4-5 1234567891011(12:13) $ space between
1415161718192021-22

0 22 $ zero-importance outside world

0 -23-24-2526 $ cookie-cutter cell

tx0001022
ty00012225
tz0001034
5.02811000-10155
51.004481000-1-505
511.028000-1-5-150
501.004481000-1-50-5
5.02811000-1015-5
501.004481000-150-5
5q11.028000-15-150
501.004481000-1505
5q.10.05010-40-11 17
54.10.070-30-100-116



i

i

i

i

i

14 4.05.21000-160-6-20
15 s41.11000-4014-14
16 sq11.1000-4014-14
17 s0452252

18 s06.52252

19 s055184

20 s045141

21 s065141

22 s028

23 pz9

24 cly1.510

25 py-185

26 py-215

ml 92235.50d 1

m2 13027.40c 1 8016.40c 2

m3  29000.02c 1 4009.60c 1

m4 gas=11001.60c 2 8016.40c 1

m5 13027.26y 1

mt3 be.01t

mt4  h/zr.02t

pertl:n,p cell=1 rho=-8.75 $5% increaseintally 4

pert2:n,p cell=2 rho=-2.74 rxn=-1 $should give fatal error dueto rxn

pert3:n cell=2 rho=-2.74rxn=-1-2-3-412

impn111100

mode np

¢ monodirectional source on plane with cookie cutter

sdef pos0-200 dir1 vec.051.1 raddl axs.05 1.1 ara=0.0001
ccc 6 ergd2

sl 012

si2 1e-8.001

2 01

cut:n 10000.2.1

fq fe

fa&n 123

sd4 (1) (1) ()

fc4 volumes=1. so tally is volume-integrated flux

e4 1le-7.00120

fm4 .98 5103

fl4a:n2

sd14 (1)

fml4(12-1)(12-2)(12-3)(12-4)(121)(142)

f34:n2

sd34 (1)

fm34(-12-1) (-12-2) (-12-3)(-12-4) (-121) (-142)

f24:n2

sd24 (1)

fm24 ((1.0023e-04 2 (102)(51)(52))(1.0 -1 2 0.000502))

fll:p 123t

tmpl 4e-83r00

f5:n0000

dxt:n 000 0.001 0.002

f15:p0000

nps 2500
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PWt11-1-1-1-1
print 30 40
prdmp 2j -1

NEW TEST SUITE PROBLEM INP18

testprob18 -- kcode in a hexagonal prism lattice.

C

30
31
37
34
32
33
35
36
C

38
39
40
41
Cc

three half control rods and five whole control rods.
0-905-19291 fill=1
0-906-19291 fill=1(16.711300)
0-907-19291 fill=1(-16.711300)
0-913-1929 fill=1(0 11.91850)
0-914-1929 fill=1(10.3217 5.9592 0)
0-915-1929 fill=1(8.3557 14.4724 0)
0-916-1929 fill=1(-8.3557 14.4724 0)
0-917-1929 fill=1 (-10.3217 5.9592 0)
universe 1. structure of control rod.
11 -202 -880 u=1 $control rod core
6 -84 880-881 u=1 $ control rod cladding
12 -1.00 881-882 u=1 $ control rod gap
6 -84 882 u=1 $control rod sheath
the space between the control rods, filled with lattice.

140 0 -17129-19 905 906 907 913 914 915 916 917 fill=2

c
42

c

universe 2: lattice of fuel rods with water in between.
12-1.00 -301302-303304-305306 u=2 lat=2 fill=
-37:27-1:330:0 &
24r3924r311r24r311r24r 39r 2
24r3923r312r23r312r23r39r 2 1r
23r310r22r313r22r313r22r310r 2 1r
23r357r22r&

22r358r22r

22r316r22r317r22r316r 2 3r
22r315r23r316r23r315r 2 4r
21r315r24r 315r 2 4r 315r 2 4r
21r315r23r316r 2 3r 315r 2 5r
21r315r22r317r 2 2r 315r 2 6r

21r354r27r &

can code remember & thru comment?

2355r27r

2325r22r325r28r
2324r23r324r209r
2323r24r323r210r
2315r22r34r23r34r22r315r 2 11r
2314r23r34r22r34r23r314r212r
2313r24r311r24r313r 2 13r
2313r23r312r23r313r214r
2313r22r313r22r 313r215r

2 346r 2 16r

2345r 2 17r

2344r 2 18r

21r341r 2 20r

21r340r 2 21r

21r339r222r



2 2r 336r 2 24r
2 2r 335r 2 25r
23r332r227r
24r 329 229
25r 3 26r 2 31r
26r323r233r
28r 318r 2 36r
211r 311r 2 40r
2 64r
Cc universe 3. structure of fuel rod lattice elements.
154 2-13.75 -58 u=3 $fuel element
149 12 -1.00 58-268 u=3 $gap
144 7-19.66 268-478 u=3 $liner
159 6 -84 478-698 u=3 $cladding
141 12 -1.00 698 u=3 $ water between the fuel rods
162 017:-29:19:-1 $ outside world

*1 py 0 $x-zplane, reflective
17 cz 29.135
19 pz 31.75 $top of reactor
29 pz-31.75 $ bottom of reactor
58 c/lz 34414 8515 .3240
268 c/z 34414 8515 .3345
478 c/lz 3.4414 8515 .3475
698 c/z 34414 8515 4318
880 cz 1.7251
881 cz 1.8051
882 cz 1.9051
905 cz 2.1055
906 c/z 16.711302.1055
907 c¢/z -16.7113 0 2.1055
913 c¢/z 011.91852.1055
914 c¢/z 10.3217 5.9592 2.1055
915 c/z 8.3557 14.4724 2.1055
916 c/z -8.3557 14.4724 2.1055
917 c/z -10.3217 5.9592 2.1055
301 px 3.9330
302 px 2.9498
303 p 11.7320508076 0 5.8994
304 p 11.7320508076 0 3.9330
305 p -11.7320508076 0 -.9834
306 p -11.7320508076 0 -2.9498

imp:n 1 18r O

m2  92235.50d -.70573 92238.40c -.23821 7014.50d -.05605
m6  41093.40c -1.00000

m7  74000.55d -.74000

mll 5010.03d -.6870 5011.40c -.0840 6012.40c -.2290
ml1l2  1001.60c 1 1002.60c 3 8016.40c 1

mt12  hwtr.01 lwtr.01

pertl:n cell=42,141,40,149 rho=-1.50

kcode 200 .05 5 6

ksrc 3.2.2.23.2-3.2.2.23.243.2-43.243.1-43.2

e .01.11.10.
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A

fq fe
fc4 fuel rod flux in 5y locations averaged over 5 x elements
f4:n (154<(42[-10:-6-1Q])) $average5x elementsat j=-1
(154<(42[-10:-6 30])) & $average5x elementsat j=3
(154<(42[-10:-6 10 0])) $average5 x elementsat j=10 &
(154<(42[-10:-6 21 0])) $average 5 x elements at j=21
(154<(42[-10:-6 29 0])) $average 5 x elements at j=29
sd4  104.7089062 4r $ 5 times the volume of cell 154
fm4 (12-5) (12-6) (12-7) (1 2-8) (1 24001) (12 102021)
fcl4 fuel rod flux in 5y locations averaged over 5 x elements
fl4:n (154<(42[-10:-6-10Q])) $average5x elementsat j=-1
(154<(42[-10:-6 30])) & $average5 x elements at j=3
(154<(42[-10:-6 10 0])) $average5 x elementsat j=10 &
(154<(42[-10:-6 21 0])) $average 5 x elements at j=21
(154<(42[-10:-6 29 0])) $average 5 x elements at j=29
sd14 104.7089062 4r $ 5 times the volume of cell 154
fm14 (-12-5) (-12-6) (-12-7) (-1 2-8) (-1 2 4001) (-1 2 102021)
print 30 90 102 110 160 161 162
prdmp 2j -1
ptrac buffer=20 file=asc write=all event=bnk
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